STUDIES IN HIGH SPEED GAS CHROMATOGRAPHY

by

Lilian McLaren, B.Sc.

Thesis for the Degree of Doctor of Philosophy

University of BEdinburgh May, 1965.




e
N ‘;_TI?;E ;‘!"—-‘I
By

Rt

N L
o

e X B

= e

y v O 3r
o

HP

¢

',-:,'fl}.F'l':l_ : R

-

1
1
=




TABLE OF CONTENTS

ACKNOVLEDGHRNTS
INTRODUCT ION

(1; Definitions

(ii) Historical Outline

(iii) Reasons for the Rapid Development
(iv) Methods of Operating Colums

SECTION I: CHROMATOGRAPHIC THEORY

CHAPTER I: PRINCIPLES GOVERNING THE ELUTION OF SUBSTANCES

THROUGH CHROMATOGRAPHIC COLUMNS.

I Distinction Between Column Efficiency and the
Separation Factor
II Cleassification of the Theories of Chromatography
III Summary of Different Approaches to the Theory
IV The 'Plate' and 'Rate' Theories

ER II: LATER APPROACHES TO COLIMN THEORY

I ‘The Simplified Stochastic Theory
II The Rigorous Stochastie Theory
III Kinetic Interpretation of the Theoretical Plate Model
IV The Theory of the Capillary Column
(i) Refinements of Capillery Column Theory
1. Column Pressure Drop
2. Intexfacial Adsorption
3. Slow Mass~Transfer Across the Interface
4. Non-Uniformity of the Liquid Film
(ii) A Comperison between Packed and Open Colums
V Non-Fguilibrium and Zone Spreading
(1) Non-Bgquilibrium Kinetics Applied to Chromatography
(i1) Application to 1-Site Adsorptiom Kinetics
VI The Qeneralised Diffusion Theory
(1) The Significance of the Generalised Diffusion
Theory
VII Modifications, Extensions and Corrections to the
van Deemter Equation
(1; Resistance to Mass Transfer in the Cas Phase
(i) T™e Jones Extended H,.E,T.P. Equation
(iii) T™he Giddings Approach to the Nature of Gas Phase

Mass Transfer
(iv) Experimental Evalustion of w

Page

N == =

v



CHAPTER III: AN EXPERIMENTAL STUDY OF THE RATE EQUATION.

I The Hddy Diffusion Term A
(i) mxperimental Anomalies
1. A Zero or Negative
2. Variation of A with Particle Size
3. Variation of A with Flow Velocity
4, Variation of A with Retention Volume
5¢ Other Anomalies
(11; Origin of #Anomalies
%111 The Coupling Theory of Eddy Diffusion
iv) Experimental Evidence for the Coupling Theory
II The Molecular Diffusion Term B
III The Liquid Mass Transfer Term C4
(i) The Relative Importance of the Cy and Cg terams
IV The Packed Column 1964: Conclusion
V The Aim of the Research

CHAPTER IV:  EXPERIMENTAL: GENERAL COHNSIDERATIONS.

I Essential Requirements

II The Injector
III The Detector .

IV  The Electronic Eguipment

¥V Columms and Packing Materisals

VI Calculation of Results
VII HMethod of Allowence for Extra-Columa Spreading

VIII Pressure Corrections

CHAPTER ¥: THE SPREADING OF UNSORBED PEAKS IN CAPILLARY
AND PACKED COLUMNS,

I PFxperiments with the 'Hammer' Injector

II FExperiments with the Improved Injector and Electronics

i. Conclusion
III Particle~to-Column Diameter Ratio Fffect
i. Introducticn
ii. Experimental
iii. Results =nd Discussion
IV General Discussion
i. Turbulence
ii., Turbulence and Chromatography

iii. The Ngquivalence of Gas and ILdiquid Chromatography

ive Turbulence and Coupling
v. The Irreproducibility of the Packing Process
vi. The Nature of the Trans-Column Pffect
vii. The Importance of the Trans-Colum Effect
¥V Conclugion

§

b v R R

JIAGRRERY

588

BEIEERGE



Page
SECTION II:s THE DETERMINATION OF Dg AND ¥

CHAPTIR I: THE WEASUREMENT OF DIFFUSION CORFFICIENTS OF GASES

AND VAPOURS.

I Introduction 100
i. Definition and Historical 100
ii, The General Fguation for Diffusion 101
II The ixperimental Measurement of Diffusion 101

Coefficients
i. The Arrested Flution WMethod 103
III The Theoretical Estimation of D, 104
IV A Test of the Arrested Flution FMethod 106
i. Aim of the Research 106
ii. Experimental Procedure 106
iii. Caleulation of Results 107
iv. Results and Discussion 108
V. Conclusion 113

CHAPTER II: THE MEASUREMENT AND INTERPRETATION OF ¥,

I Introduction 114
i. The Measurement of ¥ 114

ii. The Electrophoretic Approach to ¥ 115
iii. The Aim of the Research 116

II The Interpretation of ¥ 116
i. Theory of Tortuosity 116

ii. Theory of Comstriction : 116
iii. Models Used in the Caloulation of ¥ 17
III The Caleulation of T and C 17
IV  Ezperimental 119
i. Deactivation of the Support 120

¥V Results and Discussion 121
i. Calculation of Results 121

ii. Results 121
iii. PViscussion of Results 122

1. Nom-Porous Glass Beads 122

2. Comparison of Celite and Firebrick 122

3« Porous Supports 129

iv. Conclusion 132



SRCTION III:s 'THE COATING OF CAPILLARY COLUMNS AND THE
PROPERTIES OF THE PHOTO-TONISATION DETECTOR

CHAPTER I: THE PREPARATION OF CAPILLARY COLUMNS,

I Introduction
II %he Coating Procedure
IIT Conclusion

CHAPTER II: AN INVESTIGATICN OF A PHOTO-IONISATION DETECTOR.

I Introduction
i. Ionisation by Radiation
ii. The Photo-Tonisation Detector (P,I.D.)
iii. Smith's Investigation of the P.I.D.
II Experimental
III Results and Discussion
i, Modifications Made to the Design
1. Discharge ®nd
2. Collector Flectrode Design
ii. Summary of Detector Performance
iii. Coneclusiom
IV  The Photo-Ionieation Detector of Yamane
V Final Conclusion

SECTION IV: THE APPENDIX

The Theoretical Plate Treatment

The Calculation of N, the Number of Theoretical Plates
The Relation between the Average and the Outlet

Colunn Pressure
The Influence of Gas Compressibility on Plate Height
Mechanism of Response of the Flame Ionisation Detector
Iist of Symbols

=g =

- PR~

REFERENCES
FIGURES
REPRINTS OF TWO PUBLICATIONS

Page

134
135
137

133
140
140
141
142
143

145
145
145
147
147
148

149
151
152
153
159

163



ACKNOYLEDGHENTS

The suthor would like to tharnk Professor Sir Edmund L, Hirst and
Professor T.L. Cottrell for the provision of library, technical esnd
laboratory facilities. Thanks are also due to British Petroleum Ltd. for
the provision of a maintenance grant.

The suthor is indebted to the Electronics Division of Bruce Peebles Ltd.
Bdinburgh, for the provision of the electronic eguipment. It was a great
pleasure to be part of such an enthusiastic team and she would like to thank
her collesgues for ready assistance on many occasions. Thanks are also
extended to Mr. David J.A. Carawell, the Manager, for his kind interest and
encoursgement.

Above all, it is a great pleasure to thsenk Dr. John H. Knox for the
intereat he has shown in this research. His lively comments and fertile
brain have provided a valuable stimulus without which this work could not
have been achieved.

Finally, appreciation is extended to the many other members of the

Department who have helped to make this work s wost plessant experience.



"If we tie the gas chromatograph to other pieces of laboratory equipment
we have the possibility of almost the sutomatic chemist. We can
separate a substance on the gas chromatograph, we can take every
colum that is reasonable in turn, and substances as they run from the
colum can go directly to various instruments such as NVMR, ultra-
violet, visible and infra-red spectroscopy, and we can have a mass
spectrograph working as well, [Here you have the uniting instrument of
the gas chromatograph in the centre with its slaves clustered around.
The calculating machine in the background will have the records of sll
previous substances separated on its magnetic drums and it will come
out with a sheet typed at the end with the name of the compound and the
weight percent in the mixture. Ve may even get it to the stage where
it will work out the structure too.”

Martin 1957



IRNTRODUCTION

The idea of using a gas as carrier fluid in a chromatogram first occurred
as a few lines in a general paper on liquid-liquid chromatography (1). This
idea gave birth to a technigue which has, in the space of a few years, through
its simplicity, sensitivity and speed of analysis, established itself as the
most efficient method for the analysis of all gases, nearly all organic liquids
and many solids.

(i) Definitions

Like distillation, chromatosraphy is & process of repeated equilibrations
in which a solute is partitioned repeatedly between a mobile and a {ixed phase,
The different migration velocities of components through the column arise from
selective retention. Following the recommendation of the Hydrocarbon Research
Group of the Institute of Petroleum (2) the term gas chromatography (GC) is used
for those chromatographic techniques in which an inert gas phase carries the
substances to be separated through 2 stationary phase which has a high surface
to volume ratio and which is packed into a suitable container. The technique i=
called gas-solid chromatography (GSC) when the stationary phase is a solid ad-
sorbent and gas—liquid chromatography (GLC) when the stationary phase is an absorbent
liquid supported by inert material.

(ii) Historical Outline

The formal development of chromatography dates from spproximately 1900 when
Tawett (3) separated organic compounds of botanical interest. FHis major contri-
sbution was the use of a solvent often different from the original solvent of the
organic material, and the realisation that the separation was due only to selective
adsorption., Others like Kvitka (4) and Day (5) fractionated petroleum by simple
filtration through porous media, but it is not clear whether they appreciated the
underlying principles. Tswett's work was not taken up until 25 years later by
Kuhn et al.(6) who separated plant pigments by liquid-solid chromatography using an
elution techmigue. Thereafter the method gmined widespread recognition.

In 1941 Martin and Synge (1) developed & liguid-liguid system. They replaced
the columm by a strip of paper and so invented paper chromatography. In their
original paper they suggested that it should be possible to achieve separation on
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the basis of partition and development in the gaseous state, but at that time
the detection of small amounts of foreign vapours in the carrier gas presented
a considerable difficulty. The basic method nevertheless is of long standing
for Ramsay (7) used it in 1905 to separate mixtures of gases and vapours. The
suggestion was finally taken up ten years later, and the technique of elution
GLC was demonstrated practically by Martin and James (8) when they described
the qualitative and quantitative analysis of mixtures of fatty acids by par-
1tition between nitrogen and a silicone o0il supported by a diatomaceous earth.
In the intervening period Claesson (9,10), Clough (11), Turner (12), Turkel'
taub (13) end Phillips (14) had all made contributions to the frontal and dis-
tplacement methods of GC, pioneered for liquid-solid chromatography by Tiselius
(15), but for reasons discussed below the methods never became widely used.

From 1952 onwards interest centred on the elution technique and so began
the rapid development of GC, Prominent in the field of GSC were Cremer and
Mueller (16), Turkel'taub and Zhukhovitskii (17), Janak (18), Ray (19) and
Patton et al.(20), while in the field of GLC important contributions came from
James and Martin (21), Jemes and Phillips (22), Ray (19) and Glueckauf (23),
Knox and Purmell (24) used GLC as an analytical tool in kinetic studies in 1953
but this work was never published.

(iii)Reasons for the Rapid Development

Figure 1 shows the literature growth in the field as compiled by Fttre (25).
The reasons for this phenomenal development are many. Because of the low
viscosity and high diffusivity of gases, one can work with very long columns at
high flow rates and so obtain efficient high-speed analy=is. The apperatus is
basically simple requiring only four units, a carrier gas supply, a sample inlet,
a column and a detector. It is generally desirable to thermostat the column and
record the detector signal on a suitable recorder. The columns may be used many
hundreds of times before the stationary phase is stripped off and the analysed
material may be recovered and used for further study if required. Results are
highly reproducible, to about 1%, and with the introduction of ionisation detectors
the sensitivity has reached the parts per billion level.

(iv) Methods of Operating Columns
Differences in the partition coefficients of substances can be utilised for




3

their separation in three ways, by elution analysis, frontal analysis and
displacement development (Pigures 2 and 3). In elution analysis the sample
introduced as a sharp band at the beginning of a colum containing the
stationary phase is passed through the colwmn by the inert carrier gas. The
sample constituents travel through the colwm at different rates according

to their respective distribution coefficients between the gas and fixed phases
and so emerge in the gas stream at different times after the introduction of
sample.

In frontal analysis the mixture is carried contimuously onto a column of
an adsorbent and at constant concentration in the carrier gas. The component
which is least strongly adsorbed leaves the column first and each succeeding
component leaves the column mixed with the preceding components.

With displacement development the mixture to be separated is adsorbed upon
a column of adsorbent, and the constituents are displaced from the adsorbent by
a displacer vapour which is carried continuously onto the columm at conatant
concentration in the gas stream, The displacer is chosen so that it is more
strongly adsorbed than any of the constituents of the ssmple to be analysed.
Each component emerges from the column substantially pure except for a small
overlap fraction between each band. This technique leaves the columm satur-
tated with the displacer after an analysis. The column must then be repacked
or the displacer desorbed by heating before the.column is available for another
analysis. Although frontal analysis has been used for the study of the symmetry
of peake (26, 27) end for the measurement of adsorption isotherms (28, 29), elution
analysis is the favoured method for amalysis, At present GLC is used in most
analyses apart from those of mixtures of the permanent gases; for these (GSC is
often used.



SECTION I

CHR! C THEOR



.

CHAPTER I

PRINCIPLES GOVERNING THE ELUTION OF SUBSTANCES THROUGH

CHROMATOGRAPHIC _COLUMNS

In the early pspers on the subject complex mathematical systems were
developed as seen in the papers of Walter (30) and Thomas (31). They gave
little or no guidance to practical workers, and since at that time such
spectacular results could be obtained with little or no knowledge of the
underlying theory, practice tended to be divorced from theory. TFor more
difficult separations, however, some familisrity with the fundsmentals at
least became essential, and the mathematical rigour has been slowly compromised.
by the nced and desire for simplified theories of practical applicability.
Gradually the gap between theory and experiment is being bridged and any further
development of GC depends largely upon the application and development of theory.

I. Distinction Between Column Efficiency and the Separation Factor

The aim of any chromatograph is ultimately to obtain the best resolution in
the minimum time, Resolution, as seen from Figure 4, is achieved by attention
to two factors, disengagement of the centres of gravity of peaks and compactness
or narrowness of pesks. The degree of disengagement is related to the thermo-
dynamics of the chromatographic process and the compactness is related to the
kinetics of the process. The degree of disengagement of two substances can be
measured as the separation factor or relstive retention times of the two subsatances
while the peak width is commonly measured in terms of the HETP. Column resolution
may be defined as suggested by Martin et al.(32) and Jones and Kieselbach (33), as
the separation of the peak maxima divided by the average pesk width. Since for
the analysis of complex mixtures an increase in resolution can in general be
obtained only by increasing peak sharpness, far more effort has been devoted to
understanding and elucidating the kinetics rather than the thermodynamics of the
process. The present work is concermed with one aspect of the kinetica, namely
the kinetics of processes occurring in the mobile phase,
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II. Classification of the Theories of Chromatography and their
Application to GLC

*If I say theory I do not mean sheaf after sheaf of mathematical
discussion... By gas chromatogzraphic theory I mean rather an intimate
understanding of the partitioning process, something that we should be
able to discuss with words only." Golay 1960.

Following the approach of Van Deemter et al.(34) and Hardy and

Pollard (35) the simpler theories of chromatography may be classified

according to (i) the type of distribution isotherm that the solutes obey

and (ii) the ideality or non-ideality of the conditions.

(1) In 'linear' chromatography the distribution coefficient (the amount
of material in the stationary phase to the amount in the mobile phase)
is independent of the concentration of the solute. (The distribution
isotherm is linear.) In ‘non-linear' chromatography the distribution
coefficient is dependent on the concentration of the solute and the
isotherm is non-linear.

(ii) In 'ideal' chromatography the flow of the mobile phase is considered
uniform, the column is uniformly packed, all conceivable paths in the
column are of equal length, equilibrium between the two phases is
instantaneous and longitudinal diffusion in either ligquid or gas phases
does not occur, a contradiction to the preceding condition. In 'none
idesl' chromatography which includes all real chromatography these
conditions cannot be met.

The 4 possible types are illustrated in Figure 2 (36).

1. Linear Ideal Chromatography: The shape of the band remains unchasnged
during the elutions. Mixtures of solutes behave independently, and
the requirements for individual bands to be separated depend only on
the initial band widths snd can be calculated by simple mathematics (37).

2. Non~Linear Ideal Chromatography: This was first treated by Wilson (37)
end later by De Vault (38) for a single solute but solutes can affect
the behaviour of each other and rigorous treatment is not possible (39).
3, Non-Linear Non-Ideal Chromatography: This has been discussed by
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Klinkenberg and Sjenitzer (40)., Since GSC is the main type of
chromatography concerned and the mathematical treatment becomes
very involved it will not be considered further.

4, Linear Nom-Ideal Chromstography: Since the assumption of a linear
isotherm is a good approximation for the low concentrations of vapour
usually encountered in GC, this type is of particular importance for
the treatment of LC and GC,

In what follows consideration is restricted to linear non-ideal
chromatography which is the simplest form to which real systems approximate

reasonably well and which can be approached very closely, particularly in GLC.

III, Sumary of Different Approaches to the Theory

Chromatography is & process of differential molecular movement; the
displacement steps of any substance down s column resulting from flow, diffusion
and sorption-desorption processes, The mutual interaction of the nature and
flow rate of the carrier gesy the form, smount and packing density of the solid
support; the pressure gradient along the column; the viscosity end flow profile
of the carrier gass; the viscosity and film thickness of the liguid phase; the
geometry of the liquid phase and the relative times spent in the liquid phase and
in the carrier gas is so complex that a vast amount of theoretical end experimental
work has been devoted to the quantitative elucidation of the relationships between
them. Any adequate physical concept of the process is of necessity an idealizastion
and its scceptability has to be checked experimentally.

The basic aoproaches to the theory are described in this section. The
process has also been considered by analogy with the transmission of electricity
along a wire as in the Golay treatment (41). Cremer and Mueller (16) thought of
it as analogous to boats drifting down a river while Chmitov and Filatova (42)
gave a hydrodynamic model of s sorption column and illustrated the principal cases
of chromatogrem formstion under different kinetic snd hydrodynamic conditions. In
his treatment Bosanquet (26) considered only single fronts as a mesns of investi-
:gating peak spreading during elution.
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IV. The'Plate' and 'Rate' Theories

The theory can be considered to have been dealt with in two ways.
(1) By the 'plate' theory in which a linear isotherm is considered. The
column is regarded as a discontinuous medium analogous to a distillation
column in which a small finite volume of solute is equilibrated successively
with a large number of equal solvent quantities (theoretical plates). The
efficiency of the columm is measured by the height equivalent to a theoretical
plate, HETP, which is the length of the column divided by the number of plates
(%‘-). This concept was introduced into chromatography by Martin and Synge (6)
and applied to GC by Martin and James (8). According to the plate theory the
peak spread is related to HETP by H --g where 0’2 is the variance of the gaus-
:sian peak., It was re-examined by Mayer and Tompkins (43) who expanded the
theory so as to render possible a calculation of the number of theoretical
plates needed to obtain a required purity of the separated products.

Whereas the step-by-step equilibrstion leads to a binomial distribution,

a flow model in which mass transfer is a continuous process leads t0o a dis-
stribution of the Poisson type. This approach due to Glueckauf (44) also
enables N to be calculated from the S—-shaped breakthrough curves characteristic
of frontal and displacement analysis. Although for a sufficiently large
number of eguilibrations both distributions approximate to Gaussian curves,
Klinkenberg and Sjenitzer (40) have shown that their widths are different., These
authors point out that many mechsnisms will account for the gaussien distribut-
tion and many experiments are needed before any one mechenism can be accepted.
The most useful function of the plate model has been the provision of the
parameter H,

The plate theory has been critised by Giddings for several reasons. It
cennot accurately predict column performance., Exact theories have shown that
the simplest possible sorption-desorption process leads to a distribution much
more complex then Poisson though all distributions approach the Gaugsian under
practical conditions. Most importaent of all, it sidesteps the kinetic pro-
:ceases that make chromatography what it is. It assumes that the plate effluent
is in equilibrium with the stationary phase in that plate. With perhaps the
trivial exceptions of the precise centre of the zone, such gas-liquid eguilibrium
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does not exist anywhere in the column and in fact it is shown later that
this non-equilibrium constitutes the most important source of zone spread-
sing,
Knox disagrees with the above criticism of the plate theory. The plate
theory never suggested that a real column was made up of a number of plates.
The starting point of the theory is a model, made up of a number of plates,
which resembles the chromatographic column in giving rise to Gaussian elution
peaks, etc. By its very nature it says nothing about how equilibrium is
achieved, how fast it is achieved and whether the height EQUIVALENT to a
theoretical plate is a constant or a variable in any real column; further-
tmore the assumption that the effluent is in equilibrium with the stationary
phase in the middle of the plate actually defines a degree of non-equilibrium
(see Chapter II, (III).
(2) By the 'rate' theory in which a linear non-ideal system is considered, the
colum is regarded as a continuous medium and the HETP is brought into relation
with the actual phenomens occurring in the column which lead to band broadening,
Lapidus and Ammdsen (45) deduced a gemeral equation for the band broaden-
:ing which resulted both from a finite rate of mass transfer and from longitud-
1inal diffusion. Tunitekii (46) introduced the further possibility of eddy
diffusion and diffusion within a solid particle, but it was Glueckauf and his
associates (47-49) who first showed how such factors as particle size, particle
diffusion, and diffusion in the film around the particle could be related to the
HETP. This theory was then extended and gemeralized by Klinkenberg and
Sjenitger (40) and more specifically by van Deemter, Zuiderweg and Klinkemberg
(34) who worked out the material balance in each of the phases to give the 'rate’

equation. 8 X dfz
H=2Adp +2¥Dg+ = P
u (1 + k) D

liq.

u

Bddy Molecular Resistance to Mass Transfer

Diffusion Diffusion
(symbols are defined in Appendix VI)
Band broadening was considered to result from 3 independent mechanisms which
contribute additively to H.



1.

24

Be

9.

Eddy Diffusion. Turbulence is mot implied by the name but rather the
formal analogy with true eddy diffusion is meant. Because of the
presence of the packing gas molecules travel through the column along

many paths of different lengths, cross-sections and directions. A
dispersion of speeds is also caused by fluctustions in the value of k

in different interstices. This leads t0 the depletion and widening of

a solute band to an extent depending on the size and shape of the pariicles
and the mode of packing.

HMeolecular Piffusion of the solute in the ges phase. This is superdimposed
on its movement along the column.

Resistance to mass transfer in the liquid phase. Imstantaneous egui-
:librium would require an infinite rate of mass transfer between the two
phases. For the high rates of flow operative in GC the finite rate of mass
transfer in practice makes an importaent contribution to H even although the
high dispersion of the liguid phase is a very effectiwe means of enhancing
the establishment of equilibrium. As a result of the finite rate of maes
transfer molecules either fail to go into solution and then travel slightly
ahead of the bend, or are slow in getting into the moving phase snd so lag
behind the band. If Fg and Fl are the fractional plate volmeaﬂoocupiod by
gas and liguid respectively, ILO is the carrier gas velocity and /£ the mass

transfer coefficient, the meterial balances per unit cross-sectional area are

dc de
Q—-—ﬁ.—-— — —"L Lo —
F‘g( Ty ) = Fguc (dt st (ol' Keg)
Gain Solute in Ioss by Gain from
Cas Phase of Plate Convection Liquid

and, in terms of the liquid phase,
de

_..L 77 = '
Pl & = (Ko, ~ ¢, ')
Gain in Solute in Gain from
Liquid Phase of Plate Gas

(cl' is the out of equilibrium value of ¢,; K= ol/c8 )
Van Deemter et al. showed that the general solution obtained by Lapidus
end Amundsen for these eguations may be simplified to a Geaussian distribution,
provided the column contains a sufficient number of plates, which is directly
comparable with a corresponding formula of the plate theory and the value for
H can be obtained.
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Keulemans (50, 39) has reviewed the combination of 'rate' and 'plate’
theories. He pointed out that the variation of H with carrier velocity
followed a hyperbolic equation, viz. : H = A + B/u + Cu where A, B and C
are constants referring to 1, 2 and 3 respectively (Figure 5). This is
a hyperbola with a minimum H , (2\/ BC + &), at an optimm value of
u  ( vV B/C ). As a result of the compressibility of the gas phase (see
Appendix III) only a small section of the column can operate at maximum
efficiency. Although there is no doubt that much of the experimental data
can be fitted to such an equation numerous corrections and extensions have
been found necessary to explain observed results quantitatively.

(Giddings criticised the early theories on the grounds that they did not
express the most useful combination of exactness (as a limit for a fairly
long but practical time period) and simplicity (in the form of Gaussisn, plate
height or effective diffusion concepts). In 1957, prompted by a paper oute
side of chromatography dealing with migration within an electric field (51),
Giddings accomplished this for a simple reversible adsorption-desorption
reaction (52). In 1958 Golay (41) gave an exact treatment of the diffusion
controlled sorption and desorption of solute within an open, uniformly coated
capillary column, In 1959 Giddings started the development of a generalied
non-equilibrium theory of chromatography for the purpose of calculating the
influence of any complex combination of sorption and desorption steps, whether
controlled by diffusion or single-step reactions (53). In subseguent papers
this theory was applied to a wide range of chromatographic problems, from GSC
to the influence of flow patterns in large-scale preparative coluwmns,

In this way the theories of chromatography have reached a compromise
between the excessive rigour of the early theories which enabled only the
simplest cases to be treated, and over-simplification which led to non-quanti-
stative results. The area of compromise is now being widened so that more
and more complex systems can be treated in a way which is useful to practical
workers in the field.
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CHAPTER I

— ——

LATER APPROACHES TO COLUMN THEORY

There have been two successful approaches to the formulation of approxi-
:mate theories which are asymptotically correct for long columns with a large
mumber of theoretical plates. Both have been developed mainly by Giddings,
the stochastic or random-walk theories and the non-equilibrium theories. Of
these the random-walk theory is the simpler but also the less exact. It is
of most value when applied to the most complex band broadening processes such

as those occurring in the mobile phase.

I. The Simplified Stochastic Theory

The stochastic theory is concerned with the movement of a single molecule

through a chromatographic column, It obtains data on the movement of bands by

a statistical sveraging process. The treatment of Beynon et al.(54), an ex-
stension of the work of Giddings end Eyring (55) is very mathematical but the
approach of Giddings (56) gives the same result in a simpler way. This model
provides the simplest and most direct approximate theory of zone dispersion.

It is well known in statisties that a group of identical objects (molecules

in this case) controlled by random forces develop a Caussian distribution, the
mean behaviour determining the centre of gravity of the group while the number and
gize of fluctuations about the mean determine the spread of the group. The
Fodcawall nadel shows AMat @ = 1n¥ whare ¢ {a the stusdand deviatton of the
gaussian distribution, 1 is the distance a molecule is displaced with respect to
the mean in a single random event, and n is the number of these displacements.

In general any increase in column length L, keeping all other parameters constant
will increase n in the same proportion; hence d oc n° oc L°, or the variance

é 2 = HL, where H the constant of proportionality may now be defined as a measure
of the generation of varisnce per unit length. Another law, used throughout the
rate theory, is that for a group of independent statistical processes occurring
similtaneously the total variance is the sum of the individual variences while the
mean is the sum of the individual means. Thus 6 2 =) d,? and each of the
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terms can then be divided by L to relate them to ¥ ie., H =2Hi « This
is egquivalent to the assumption made by van Deemter et al. (34) that the
plate height contributions were additive.

It is well known (57) that the spreading due to ordinary molecular
diffusion is given by 6 = 2 Dt . Thus chromatography may be described
as a random walk process genmerating a value of § = ln or formally as a
diffusion process with an effective ooafﬂcient D eff = < 2/2t. The plate
height can then be expressed as H= 6 /L = f.t/L =20D ./ub.

Using this basis the contribution to H for various effects may be readily
evaluated. If %, and %, are the mean times spent in the gas and liquid phases
respectively and w : is the oarrie; gas veloecity, then u, the average solute band
velocity, is given by Tub = Ec -t——iT . This relation was first obtained by
Le Rosen (58). 1002

If there are € sorptions during an elution there must also be £ desorptions,
... 2 € = total number of steps = n.

HMeasuring the standard deviation in time units end replacing the step length
1 by the duration of a step, /\ t, gives 6, =/\t/2€ andd =7 x 6,

o k1 is the number of sorptions per gecond and k2 is the rate for the desorption
process, then before elution, €& = kyt, = k,tand /A%, the average desorption

Sieislig L 2k, ¢ 2k,
2k,
T

The zmone spreading is thus related to the rates of the kinetic processes.

2%, t L e
2 1. - - 1 - K
6y = Tzl_ i T il Ttk e ‘uaﬁ_._*_F?__‘ b= bk
P O b L T
% “bZk $ k,2 t, + %, (k, ch)z
. 1 Y% 42 e t 2 kX
b )2 4 Date, = 2(t, +t.) (e iy (¢ t).uo(k k)’
k, § * % 2 \§ + % 1 +5%

The equivalence of this expression to the van Deemter ¢ term is readily shown.

(t, / %) 2k t,
) since-i—- =k

k2(1+t2/t )2 % X" 5

H=
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/\t may be taken as the time for the solute molecule to traverse half the
solvent film thickness in both directions, ie. a distance df.,

By the Binstein equetion, 1° = d,° = 2D, /\ ¢

2
SRR T e S,

ko 2D,

- 2

T M
(1 +k)? D,

in agreement with ven Deemter, except for the constant ‘?I' 2
In treatment of longitudinal diffusion molecules diffuse in the mobile

phase only over a time t1 +« The longitudinal spread is given by the Einstein

suation, ¢* e wop - since t, = —=
gl kg 1 3

[+ [~
* -H = mflc
The tortuosity factor, § , is absent or is assumed equal to unmity.

In the treatment of eddy diffusion At is taken as dp/f:c and n = L/dp

Thus, H = dp, givingA= 0.5 which was the minimum value expected by Glueckauf.

More correctly, /\t is the time teken to move, say, A1 perticle dismeters

in the ges phase, ie. /\& = )\1dp/ﬁ° . This gives ¢ 2 = N'2Lip and H =)}2ap = 2)\dp
in the van Deemter treatment.

The final result of the simplest approach is thus

ku d
u, (1 +X) |
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II. The Rigorous Stochastic Theory

This theory was developed by Giddings and Eyring (55,62) for determining
the effects on zone structure of the random sorption-desorption processes of
chromatography. It has recently been extended by McQuarrie (59). The theory
has notbeen applied to diffusion-controlled processes as these are not indepen-
tdent of time or of the molecules history. IHven for a single-stage process the
theory is difficult to apply and the following complicated elution profile was

obtained as a function of time.
[ale]

o \ (4] 2r + 1
kakdt )* S : (kakdt t )
t

r=o0o r!(r+1)!

4]
exp.(-kat - kdt)

t° is the retention time for am unretained peak, ka and k 4 sorption constants

and r a running index. Since this theory leads to the same conclusions as the
randon-walk model the rigorous stochastic approach is useful only when the long-
time assumption of the generalised non-equilibrium theory cannot be made. Due to
the length and complexity of the mathematical derivation it will not be discussed
here,

III. Kinetic Interpretation of the Theoretical Plate Model

Giddings (60) has related the empirical parameter H to the kinetic parameters.
The HETP is the length of the cell whose mean concentration (concentration at its
midepoint) is in equilibrium with its own effluent.

If the concentration ey of a chemical species A is perturbed slightly from
its equilibrium value it will returm to equilibrium sccording to a first order
proceas, that is by exponmential relaxation. The relaxation time, tR' has been

5 *
shown to be (61) t ‘::_;17‘%—- where c‘* is the eguilibrium concentration
of A, ;
When an equilibrium is disturbed by movement of one phase over another as in
a chromatographic column, a small volume element in the mobile phase must be in
equilibrium with & corresponding element in the fixed phase crossed a time tR
previously., If the flow velocity in the column is Ec' this equilibrium point is

the distance EctRupntream. By the definition of a theoretical plate this is the
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distance between the end of the cell and ite mid-point, that is

ﬁta.m b i T e shore t » =t

9 2 g 2 a
s e

For the kinetic model A --]f-'—n t = 1
75 o

Hence HETP = 250/(151 + k)

It has been assumed that the volume element is unmodified by incoming
fluid during the movement. This is equivalent to the discontinuous flow
model of Mayer and Tompkins (43). For the continuous flow model the concept
of concentration displacement is introduced. For the distence U t, the
overall concentration displacement is approximately given by Ih'ictR « In this
case the distaice from the mid-point to the end of the cell is Ecthi - R)

k

1 k
Thus Hmp/z-iictﬂ (1-R)., Forthe A —> B model, R= 2
% s T
2

and HETP = 2k5_ / (k, + k2)2 in agreement with the stochastie theory.

IV, The Theory of the Capillary Column

",..e80 we should be able to work from the milligram dowm to the microgram
scale., Of course, that will imply that we decrease the diameter of our column
correspondingly. We shall have columns only two tenths of & millimetre in dia-
smeter and these will carry, I believe, advantages of their own..."

Martin 1956.

This idea was realised in theory and practice by Golay in 1957 (41, 63=66).
In the early theories packed columns were regarded as bundles of long capillaries.
Golay showed that the passage of a concentration pulse along a column could be
congidered in the corresponding mathematical terms as that of an electrical pulse
along a series of resistances and condensers. Ile applied the analogy first to a
packed colunm considered as a system of parallel capillaries of internal diameter
approximately equal to particle size and he concluded on theoretical grounds
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that the HETP of the latter should be roughly the same as the particle size.
He found that, in practice, packed columns behaved as if they were character-
:ised by two granule sizes, the first, about ten times the particle size,
determined the HITP, the second, about one tenth of the particle size, deter-
:mined the resistance to gas flow., This 100:1 ratio meant a viscous resis-
stance to flow 104 greater than an ideal capillary column having the same HETP.
Golay also noted that air peaks in packed columns were ten times broader than
expected from a capillary theory. This led Golay to consider well-defined
capillary tubes of circular and rectangular cross-section coated internally

with a very thin film of the stationary liquid.

Golay's somewhat mathematical treatment is based on the gemeral laws of
diffusion, Although it is simplified by the absence of tortuosity and laby-
srinth effects, the derivation is still lengthy and involved and only his
conclusions are stated. Hot long after Golay's paper Aris (67) published a
gimilar work..

Golay considered (1) dispersion resultiang from viscous flow in an uncoated
tube and then (2) dispersion in the presence of a stationary phase with both
instantansous and non-instantaneous equilibration.

The first problem was firet considered by Taylor (68, 69) for cylindrical
tubes, and later by Aris (70) for tubes of arbitrary cross-section. In a
circular pipe of radius r, the velocity u at a distance x from the central line
isu = u°(1 - xz/rz)uhere u, is the meximm velocity at the sxis. In a small
bore tube the vapour spreads out under the combined action of molecular diffusion
and the variation of velocity across the cross-section. Mn initially planar
concentration contour (see Figure 6) in the absence of difiusion is distorted by
viscous flow into a paraboloid, Vhile the low velocity nesr the wall will help
equilibration between phases, molecules in the centre will pass through the
column much more rapidly than those at the wall unless there is rapid exchange
of positions by lateral diffusion as indicated by the arrows. The lateral
diffusion thms limits the spread of the band csused by velocity gradients.
Taylor and later Golay showed that the dispersion for cylindrical tubes of
radius r vas ¢ 2(1) = rzu.t/24Dg where u is the average flow rate. The dynamic
diffusion coefficient is then Deff. =d 2/21: = r %u 2/48Dg
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In the ideal case of insiantaneous equilibrium in a coated capillary the

variance produced was 6 2(::) = l-i-g-k?-:-*;—'—kz
(1 +%x) 24Dg

2
When k = 0, Jl(x) — ﬁ , the Taylor expression and
mf ux

24 Dg
wetted wall distillation column derived by Westhaver (71).
The additional variance introduced for slow diffusion in the stationary

when k = 03 6 (x) —> s the velocity-profile contribution in a

‘ 2
2 dF ux
6’2( 1 K r ux 2 E...
o T+ 1) xznl 3 (14k)° by,

The equation for the HETP of an open tube can thus be writtem as
H=3/u+ Cgu + Clu. Golay suggested that in a packed colum C3; was probably
less important than Cg while in a capillary column the reverse was probably true.

(i) Refinements of Capillary Column Theory

1. Colum Pressure Drop
Golay assumed that all the parameters were constant throughout the

length of the column but due to gas compressibility and the dependence

of Dg on pressure this is not strictly correct. Giddings et al. (75,76)
have derived equations for the pressure corrections and their results have
been extensively verified for capillary and packed columns by Haasrhoff and
Pretorius (77) and de Ford et al. (183).

2. Interfaciel Adsorption
The solute may be adsorbed at the gas~liquid and liquid-solid inter-

sfaces (78). This is indicated by an increase in the retention volume and
the dependence of k on the amount of liquid phase. Giddings (107) has used
the non-equilibrium method to calculate the plate height contributions from

such proceases.

3. Slow Mass-Transfer Across the Interface
Golay assumed that once sny diffusing molecule struck the gas-liquid
interface it entered the solution without any resistance. Khan (80, 81)
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has elaborated {olay's theory by deriving an expression for interfacial
resistance to mass transfer and has shown that the term is significant
only if the fraction of colliding molecules which stick to the surface
and condense, the 'sccommodation coefficient', is 10™% or less.
Heasurements of gas adsorption rates (82) have given contradictory values
of accommodation coefficients, but the recent work of Goodridge et al. (83)
indicates that they are generally near unity. If so the contribution of
interfacial resistance to mass transfer is likely to be negligible. Jones
and Krige and Pretorius have also proposed a similar term (79, 84). Socott
and Hazeldean (98) concluded that interfacial resistance was not significant
for the n~heptane-argon-dinonyl phthalate system. In most recent paper on
the subject it is concluded that this effect is negligible in practical
laboratory columns (99).
4, K ormi f the Liguid Fi
A more serioue error lies in the assumption of a uniform liguid film
on a smooth, geometrically-true, wall surface. In reality wall roughness
is of the same magnitude as the film thickness and Giddings (85) has
calculated that even a variation of a few parts in 105 in radius of curvature
would influence liquid accumulation through capillaziity, 1Indeed it is the
surface irregularities which hold the ligquid through capillarity and eny film
deposited on a perfectly smooth surfece would be unstable., One could there-
:fore argue that the experimental evidence for an interfacial term in fact
indicated simply nom-uniformity of the liquid film,

(i) son aclced i Columns

Capillary columns couple very high plate numbers with s relatively short
snalysis time. Zlatkis and Kaufmen (86) and Scott (87) have reported efficiences
of the order of one million theoretical plates for a nylon capillary column one
mile long without an unduly high inlet pressure.

It is not the smallness but the opennees of the capillary which is important(ss),
In a tubular column the size of the passage available for the carrier gas is several
times the average distance over which the sample molecules must diffuse in order
to strive for equilibrium between the moving and fixed phase., In a packed column
the sige of the free passages between the packing granules is only a fraction of
the desired distance; also in a range of particle msizes the small ones will tend
to determine the size of the passages while the large ones will determine the
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diffusion distence. In ordinary separations Cl, ¢ g and B are comparable
to those for packed volumes if a value approximately equal to dp is sub-
tstituted for r in the Golay equation.
Purnell (89-91) has cationed that care must be used in relating the

large number of plates to actual separating power and has shown (92) that
a capillary and a packed column operated under ideatical conditions of
pressure drop with the seme value of C and at the same velocity could, in
certain instances, carry out the same separation equally rapidly., Smith (93)
has advanced a similar view, The capillary column has the advantage that
small values of k can be used without fear of adsorption effects and it is
excellent for exceedingly demanding separations. With a2 packed colum the
requirements for high-speed analysis, viz. longer colusms and increased flow
rates, give rise to high sverage pressures and a correspondingly detrimental
increase in C‘. This is prevented by the lower flow resistesnce of the
capillary.
V. Non-Equilibrium and Zone Spreading

In the generslised non-eguilibrium theory the wvelocity divergence due to
increased and decreased concentration of molecules in the mobile phase ahead
and behind of zone centre respectively, is given quantitative meaning, The
degree of non-eguilibrium is first calculated in terms of the sorption-
desorption rates and the concentration changes accompanying the moving gradiente
of the zone. HNext the velocity increase shead of zZone centre is written in
terms of an excess forward flux of solute through a typical cross-section. To
the rear the forward flux is calculated to be deficient in amount. The theory
shows that the excess, or deficiency, of solute flux is proportional to the
negative concentration gradient, anslogous to a diffusion process. The rate
of zone spreading can thus be described by an effective diffusion coefficient
from which H can be calculated directly. In contrast to the single-molecule
approach of the stochastic theory, the non-equilibrium approach is concerned
with the gross processes of mass transfer and the theory has been developed
for the higher flow region where non-equilibrium is significant (60, 53, 100=102).
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(1) HNon-Eguilibrium Kinetics Applied to Chromatography

Each of the various kinetic steps in chromatography can be represented

by Ai ?"—J_j ‘j where A:l and ‘.AJ represent different states of the solute

i
molecule A (sorbed, desorbed, hydrogen-bonded, etc.). ks end kg ave the
first order rate constants for the transitions, The concentration of the
ith state of A s per unit volume of the overall column materisl, at a fixed
location in the column, is constantly chenging due to the simultsneous processes
of reaction, mass flow and diffusion., Ve consider the kineties of the reaction
near equilibrium.

let the net rate of production by reaction of species A in state i be Ty

Then r; = do Jat k
i reaction jj’ 'j C'Z

A% equilibrium r, =0 and the concentration in each state is its equilibrium
value ¢,*, In this case the oi'a are obtained from the n equations

Z:";“"" ’:L"O i=1,2 sscsan-=-1,
where ¢ is the total concentration of A in all states per unit volume of column.
When equilibrium is not established it is convenient to define an 'equil-
1ibrium departure' term € for each state i: ey = e, (1 +€1). We asseme

ri = ri* where ri* is the value of ri for a concentration ci*:r-.

The equations to be solved are
;Zo (1 +€i) = ¢
% =.ij1 P "'63) - e (1 +€ )L £ @ 1,2 sussnets

and these simplify to

> ¢%€; =0

P
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Since at equilibrium k 5 4© .']* =k, jci*' substitution gives

(Zpi*ei =0

r* =% ?kid(&‘—éi) LNy 2 ssnase B w1

i.e. n algebraic egquations which are linear in the € 's which can be
solved for by applying Cramer's rule.

To obtain the r* values we form the material conservation equation
for the ith species, viz.

Bci/ét =r, - u (d °:I./ o2z) + D, (baci/b 82
reaction mass flow diffusion

Molecules in the ith state diffuse in the z direction with a diffusion
coefficient Di and are simultaneously carried along by mass flow at a
velocity u,. Since the system is close to equilibrium bci/ vz, ete.,
can be replaced by Boi*/ 9z, ete. Bach term thus obtained will have a
fractional error €. The ratio oi/o = x, ,the mole fraction. It can be
shown that the last term is ordinarily negligible.

Hence r, = Bci*/ ot + u, aci‘/ dz

Since oi* is a constant fraction of ¢, namely x. *%,

ri/ci* =0 1n ¢/ ot +uy O la ¢/ Oz

and since d¢/ 0t = - G‘b oc/ &z where Eb is the average velocity of the
solute zone, to a good approximation, ri/ e * = (“i -u, ) o 1nc/ dz
and the equations for the value of € becomez,‘ci* €y =0

ad (v, - W) dlae/d =3k, (€,-¢)

From these n equations the ratios€i/ ( O 1n ¢/ dz can be obtained in terms
of ci* and kij 's, These quantities are 21l in theory calculable either

from thermodynamics or rate theory, and if the isotherms are linear
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(ie. the equilibriwn mole fractions x,* are independent of c) the
equations reveal thetCi/( d Ilndds) is independent of both position
in the column end total concentration.

The flux of material through a unit cross-section of the column

is given by
q=eu =5 ¢* (1+€ )u andsince ¢,* = x %

g = cz::i* w o+ oz::i* € 49y

The firat summation is the average velocity '-‘b of the solute zone.

¢ 4q = oi'l.b + chi*Giui
The second term is equivalent to a diffusion term. [Fguating this term
to =D, dc/ 9z we obtain for D,» the effective diffusion coefficient

D= -in*éiui-/(b In ¢/ d2)= ~> xy*u, (E:i/ din ¢/ dz)

Since x, ¥, u, and (E:i/d 1n ¢/dz) are all independent of position in the
column or total concentration, nc is & true conastant for any species A.
This expression is directly related to H by H = 2Dc/Ru = 2ne/5b

R is the equilibrium fraction of molecules in the mobile phase and

equalain* ie. E.b = Rai = Ru. Since for the stationary phase
mobile

=0 S 6 = 1 = €: -HR
it AV Zu:ﬁil phase mobile

ths Bw =2 C /0 1n ofos
mobile
where € is the average value of € in the mobile phase. Thus a measureable
value for H can be calculated once the & 4 values bave been obtained.
The assumptions made are
1« The kinetic processes sre sufficiently rapid that the departure from
local egquilibrium remeins small, ie.€ 3 << 1.
2,  The uiterma are independent of concentration, the kinetics are linear
and reactions are first order.
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(3) Longitudinal diffusion tems are neglected.

(4) In the application of the eguation to mass transfer processes
involving both stepwise kinetics and diffusion processes, it is
assumed that the various terms are additive. 7Thus, for non-
competitive mechanisms,

m n
H= 1}—\_,111(&1«[:) + 21 2 (D, ®
== ¥ i=

where each term is the plate height calculated with its particular rate
parameter intact and with all other rate parameters at infinity.

Note: The approach to kinetics from the equilibrium point of view has
been used extensively by Hirshfelder and co-workers in the theor-
setical analysis of flame properties (94), and Giddings and Shin have used

this method to predict departure from the steady state in complex fuu):tions
96).

(ii) Application to 1-Site Adsorption Kinetics
The simplest scheme is ki2
—
hoe 4
k21
where subscript | refers to mobile phase and 2 to the fixed phase., This
may be described by the eguations,
°1*61 + o, CE2w0

kyp (e-€4) =r1*/¢31* =(1=R)u(dnec/d3)
It was shown that r1*/“1* = (1<-R)u(0d1lnc/dz) in section (i).
Solving f‘oréiwaobtain
€ == (1 =Rk ud lnlc/é g o, + %
== (1-0%, u. dne/ds

Sy meu 2o x*€ 1/ (9 1n of da)

Since R "Z’z" BO-[ R(1 - »)? w? _] /k12
mobile
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gince R = x,* k21/Ek21 + k)

(1 - Rl= x* = o/l + Ky )

Then, D= Ky lepy W/ (iyp + Yy )
From the stochastic theory,

H-zku/(k + 1;2) = 2 Dt/L
o i 2k1u/(k-{k2 L ::11c2uz,/(1:1 + K )?

SinceL/tuu.b = lvlzzu,f(k1 + k)

thereby showing the equivalemceof the two approsches for a simple process.

Vi. The Generalised Diffusion Theory

Although it was first developed for rate processes involving discrete
kinetic steps, Giddings has applied the non-equilibrium method to diffusion
controlled processes which lead to local non-eguilibrium in the form of
lateral concemtration gradients, Since the departure from eguilibrium is
generally small, the same approximations as before can be made,

The rate of accumulation by reaction ry is then replaced by the rate of
solute sccumulation s, due to lateral diffusion and this is given, from the
overall mass balance equation, by, _

si@(ui - Eb) 301/55
This is formally similar to Pick's first law (see section II), and so by
analogy to the second lew, dn/dt = D(dzn/dlz) we can 2lso write s, = Divz ey

where the operator V 2 4s to be applied only %o local concentration gradients.
Again, e; = ei* (1 + E“i) and since ci* is locally invariant, 8 = oi* 31\7261

Elimination of s, gives Vzéi = (v.i - Eb) I/l)1 d 1n ¢/ dz from which the &
values may be obtained, The integration constants are evaluated through the
use of certain boundary conditiomns. These include

1'201* € i “ijf Ci=0
2. At a closed surface 561'/ 0 w= 0 whereW is the distance normal

to the interface.

Be At an intarf‘mei' 2= (:"_j'

4. At plemes, lines and points of symmetry o 61'/ o w= 0 expressing
the fact that there is no solute transport through such places.
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5« Since the solute transport must be equal on the two sides of a
connecting interface,

by (3 E€,1/0w) = Dy (og® /oy ) (BE,/3W)

The flux of material through a unit area A normal to the flow
direction is given by

Q= 12"1“1‘“1
Ts 4 "gf"i' w,dA, +1Zf°1* € 409

The last term is responsible for all local non-equilibrium effeots
and can be equated to ~D_ 3¢/ dz.

Thus D = -};fci* S 1uid11/6 n ¢/ Oz

Since the €, temms are proportional to 0 ln o/ 9z, D, is independent
of position and concentration,

As before HOHZDB/E‘).
(i) The Significance of the Gemerslised Diffusion Theory

The general theory just outlined has many epplications to both station-
sary and mobile phases (95, 103 - 112) Giddings has used this approach to
confirm the results of Golay and ven Deemter showing that the theory of gas
chromatography is basically sound. He has worked out contributions to H
resulting from multi-site adsorption, adsorption in partition chromatography,
reversible chemical changes, etc. The generalised non-equilibrium theory has
given us every C, term now known except for a uniform liquid film, 1In the
general combinat;on law the dispersion is written as a sum of terms each
referring to a small isolated region of comparatively simple geometry, and
the differentisl equation of the Poisson type applicable to each such unit is
forned and solved with the aid of the boundary conditions.

C, is given as C, = » q,F;R (1 - R) 4,°/D, , and where F, is the fraction of
total liquid in unit i, di is the depth of liquid in unit i, q is a configur-
sation factor which can be shown to be 2/3 for a uniform film, 1/4 for rod-

shaped liquid units, 2/15 for spherical droplets and 1/12 for the liquid ring
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aroud the contact point between glass beads. Application of the theory

to narrow pores allows many practical egquations to be derived. The cross-
sectional area of many units may be spproximated by e=const.(thicimess)”
where n is the taper factor. gq is them found to be given by (n_H%_(m

in agreement with the above values for n from 0 $0 3 respectively. Plate
height calculations can thus be made which realistically reflect the complex
nature of the solid and liquid phases and absclute plate height values have
been predicted to within 20 to S0% of experimentsl data for glass bead colums,
The main difficulty now lies in knowing the mamner in which neighbouring
regions combine in their overall contribution to the dispersion gnd the exact
geometry and configuration of these unmits. The current bottleneck on GC
theory is the development of really accurate models for the support structure.
Adsorption and condensation theory, the science of porous materials, micro-
iscople observetions snd mercury penetrstion have all been used to elucideste
structure,
Unfortunately no simplifying method comparable to the combination law
has been found for the mobile phase and the treatment of this is still far
from complete., VWhere the mass transfer occurs by o combined proceas:.of
diffusion and stepwise kinetics one can consider either the non-equilibrium
in every part of the system simultaneously, a complex epproach, or use the
more straightforwsrd additive law.

-,

VII. Modifications, Ixtensionsand Correctione to the
ven Deemter Equation

(i) Resistance to Msas Transfer in the Gas Phase

The earliest theories of non-equilibrium effects in the mobile phase
centred around a diffusion film in an ion-exchange column (113). The first
quantitative discussion of mase transfer in the gas phase was given by van
Desnter ot al. (34)s They sssumed the trensfer occurred in a chamnnel of the
order of cne-~fifth particle diameter and since gaseous diffusion is 105
faster than liquid diffusion they ignored it., This may be justified if the
liquid inhabits deep and narrow pores, but if the thickness of the ligquid
layer is reduced to 1/100 of the distance across the gas channel, the relax-
sation times for diffusion in the 2 phases become comparsble. Thus Jones
(114) found that liquid diffusion was not dominant in his experiments and
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presented sn equation of the form H = B/u + B where E reflects gas phase
mase transfer effects. He and van Deemter were later reconciled at a
Piscussion Group meeting (115) which resulted in Jones adding e second gas
diffusion term to the now extended van Deemter equation,

thus E-A+B/u+c1u+(m+ﬁk)n.

Golay (41) derived 'dynamic diffusion' terms for his open tubes as
discussed earlier. He pointed out that in a packed columm the asir pesk,
which should be unaffected by the liguid phase, is of the same relative width
as the sample peaks end he sugsested that Oé_wullhempmbla or even
greater than C 1° (Giddings also considered tranasverse gaseous diffusion in
so far as it affected the A term (116).

(ii) The Jones ixtended HETP Equation
Jones (117) encouraged by experimental evidence (118-119),(84) produced

a highly technical random-walk model which may be comsidered to be the Golay
equivalent for a packed column. Jones identified unimown conatants in his
final equations by equating them to the Colay term assuming that dp° was
equivalent to r°. The Ciddings coupling equation was considered as a limit
to the velocity distribution tema. The complete equation is :

HETP = 2\dp + 2 ¥ Dg/u + 2/3[ /(1 + x)? J(el’"/nl)u
+ e |-_k2(l + k)z_](dczfﬂc)u + aa(dpzfns)n + 2/0(0102)* _Edi v k}(dp dg/Dglu

lhichcmbomttmunnl+3/a+(01+c‘ +ca+c3 Yae

ciuiathc resistence to mass transfer in the gas phase, Cu is the velocity
distribution term and c,u is & tera accounting for the correlation between the
¢ and c2 terms.

1
Using the statistical approach, 6 2 = nl2, k = ty/t, and t_ = L/u.

The freme of reference was chosen to move with the centras of the pesk being
considered. Thus the gas moves forward with a velocity ku/1 + k = fu and the
liquid moves beck with a velocity u/1 + k = (1 = R)Ju. The distance travelled
per step is equal to the time per step multiplied by the relative velocity of
the phase with respect to the peak,
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The C1 Term: Assuming a molecule has on average to migrate laterally a
distance ol dg in order to arrive at the liquid surface, the process of
broadening by mass transfer can be regarded as a series of random=walk
steps in which the step length is the distance traversed in a time
V= ot 2ag®/ 218

The number of such steps is

n =LY = (20g/ 2 dsz) L/u
The length of each step is the length relative to the moving band and is
given by

1a v (kM +u = o 2ag2/2Dge(k/1 + k)u

Hence Bed 2/ =n?/= (N +10% &2 a?/ong u
= o, (/1 + x)°. dg°/Dg- u where ¢, = o%/2
= C,u
1

The factor (k/1 + k) in the ¢, term incresses with k to a limiting
value of 1 whereas the K/(1 + k)2 factor in the ¢, term approaches zero
with increasing k. Thus for large k values the ¢, term will predominate
but both vanish for k = 0,

The (2 Term: In packed columns there will be a large velocity difference
between the gas in the relatively stagnant interior of the porous packing
and that in the regions between the particles. The diffusion paths will
be of the order of the particle diameter and as before, the time to diffuse
this distance

1

U =p%%° foe
. . n=L/uy = (208/4%0%) L/u and 1 = (g%ap?/20g)-u
V. H=c, (%/Me)u = Cp

The term derived b;y Giddingu for the velocity dependence of the
A term, viz. He2)dp/(1 + 4xDg// dpu) reduces to the C, term at
low velocities.

Tms H = ( @,2dp2/2ng) u if 4" the geometric constant = 2,0
The C3 Term: A molecule which stays closer than average to the walls will
spend shorter times in the gas phase and travel at a lower average velocity
and vice versa. Thus e, and ¢, are interdependent and the correlation

is ¢ Unfortunately the correlation coefficient p cannot be calculated

3\10
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exactly and there is not sufficient experimental verification of this temrm
to warrant discussion, though Jones does consider the correlation to be
fairly strong.
When applied to capillary columans, dp =dg=7r and A =0 and
HulE L2 (kK ) o 4 R L 'k+2o"'ﬁ) (r_z)“
u 3 (1 +k) N (1 + k) Dg

where o' = e,
e'' =2,+20 (°1°2)*

e'''=mo to, +2) (c1cz)*

On comparison with Golay's C_ term,

and when k = 0 the mass transfer term reduces to
H= (rzfzm) u as in the Colay equation.
In comnon with other rendom-walk models, the Jones theory cannot
distinguish single-channel flow and interacting multi-channel flow snd thus
cannot be used to correlate plate height valuea with support structure.

(ii1) The Giddings Approach to the Nature of Gas Phase Mass Transfer

Before rigorous calculations can be made the complex packing geometry
and the resulting intricate flow pattern must be guantitatively understood.
Giddings in an approximate treatment lista five contributione to c-g.

These involve

1. Diffusion across the narrow channels between particles.
2. Diffusion through the particles.

3. Diffusion between unegual flow channels.

4, Diffusion between long-range inhomogeneities.

5. Diffusion across the colum.

1. Calculation of the trans-channel contribution is based on a wniform
capillary and the plate height can probably be calculated within a
factor of 2 or 3 and this effect contributes less than 27 of the total.
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2. In calculating the trans-particle effect it is assumed that the velocity

Fe

4.

5.

of any mobile phase within the support particles is essentially zero.

3ince flow velocity is approximately proportional to channel size squared

intraparticle channels 1/3 of interparticle size for instance, may well

carry 10% or so of flow. Approximetions have to be made concerning

particle geometry and obstructive factor and the plate height can be

calculated to only about 507 sccuracy. However, when applicable this

effect may contribute about 10%.

The short-rsnge inter-channel effect occurs in the bridged space between

close-packed islands. The size of the chamnels depends on the demsity of

packing and intimacy of contasct of the particles. From Pigure 7 showing

two packing structures, the diameters of the inscribed circles are in (a)

15% and in (b) 41% of the constituent spheres and this feetor of 2,7 in

the interstitial asperture leads to about a 7.5 fold velocity increase. It

nay be that the bridged 'channels' are too isclated to permit such increased

flow but it is felt that 2 large velocity bias still exists because of the

extengive interconnections between flow channels and perhaps between bridged

rogiona themselves.

The long-range interchannel effect refers to flow inequalities over a distance

of about 10 particle diameters due to long-range random variations in permeab-

:ility and porosity. This effect is extremely difficult to assess but because

of coupling is probably less important than (3) which can be calculated within

a factor of 2 or 3. Giddings considers that (3) and 4) together make the

principal contribution to plate height.

The trans-columm effect ie a manifestation of colwm-wide differences which

srise from :

a. Variations in particle diameter and porosity over the column cross-section.

b, The 'wall' effect. (a) amd (b) will be discussed later.

¢. The bending ovr coiling of a columm, This introduces a velocity gain at
the inside of the bend and a velocity lag at the outside because these
paths have different lengths with the same pressure drop. The velocity
profile is given by the ratio of the local carrier velocity u and the
velocity at the centre u viz. u/ U = RofRo + r sin ©) where Ro is the
radius of curvature, r is the distance from the tube centre and 6 is the
angle with respect to & line extending through the tube centre parallel
to the coil axis (95, 104, 111),

The five effects are illustrated in Figure 8,
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The probable consequenc.;es of colum inhomogeneities were first
treated in some theoretical detail by Colay (120). He showed that
tg =W dpz,/ Dz but he identified ¢ only in the brosdest terms. By
applying first the random-walk trestment and then the non-equilibrium
approach, CGiddings has given & precise definition of «W. In the random-
walk treatment each of the five categories of flow inequalities are
characterised by an S value, the persistence of velocity spen, which is
related %o H by H = Wg°S. S is given by ut_ where t_ the 'exchange
time' equale Wy’ dpz/znn. We ie the distance of exchange per particle
dianeter and w.bthe ratio of the velocity bias from the mean to the
sverage velocity.

SEV RO e e
T 2 o Tl 5 Coa)

For a given effect i, H a-&-)i(dpzu,/nn) wheie 2 W g =W

Before the generalised non-equilibrium theory can be applied a model
mist be postulated which reproduces the main feature of the erratic flow
profile. Giddings considered the model in Figure 9. The outer anmulus
corresponds to the tizghtly packed particles while the 'immer-cone' ié the
high velocity region. The detailed calculations are fully described in
the literature (103), For the small-range interchannel diffusion (o is
given as W =070 ( 1~-0.15R ) for porous materials

and W =062 ( 1 ~0,3 R) for non-porous supports.
Although the above model is rather crude it has not been possible to do
even this for the long-range inter-channel effect., The total value of W
for a perous and non-porous support may be summarised approximately by

W =0.82 - 0,20R
and () = 0,63 = 0,20 R respectively.

Here the R dependence of plate height is only moderate. VWhile H is reduced
by about 15 to 307 on going from a highly retained solute to a non-partition-
ting one, the gas phase term for a capillary column would be correspondingly
reduced by a factor of 11 emphasising again the inadequacy of the early treat-
:ments of packed columns as bundles of non-interscting capillarvies.
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(1v) Experimentel Evaluation of O

Giddings has calculated (J from published results. His results are shown
in Table (i).

(79 R k Support Reference
0.45 0.09 10 F.B, 5
- 1.0 0-1 0 - 00 C.S. 84
1.12 0.1 10 8,0.C, 121
0.33 1 0 C.S. 122
0.79 1 0 C.S. 123
1.62 0 oo CeSa 123

Table (i). Empirical ) values for Porous Supports

Dal Nogare and Chiu obtained hyperbolic H - u plots for air samples (k = 0)

and strongly sorbed substances (ﬁl =0 ) (123). The observed ¢ term under
these conditions is due entirely to slow gas phase processes. Perrett and
Purnell (124) have examined (0 in detail, If Giddings' view is correct a

plot of G orwW /(1 +k)” s should be linear. Although Perrett and Purnell

do abtain straight line plots of & agaiunst (1 4 k) they are nowhere near

the theoretical line. They concluded that flow processes alone cannot account
for the whole of cg which might better be given by a contribution of the form

2
d u

ol S I
(1 +X%) Dg

where f, (vl) represents a maldistribution function amssociated with the liquid

phase but not necessarily explicitly defined in terms of Vl.
Giddings does say that, due to the very wide range of experimental systems

and the approximations made, etc., a 2 or 3 fold error is to be expected and

any closger agreement is fortuitous.
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CHAPTER 11

AN EXPERIMENTAL STUDY OF THE RATE EQUATION

D
The existence of 2 velocity independent contribution to H was first

demonstrated by XKramers and Alberde (125) and subseguently by Klinkenberg
end Sjenitzer (40). lLater treatments have come to a similar conclusion
(126, 56). It is generally assumed that \ is a comstant of order unity
and is independent of all non-geometrical perameters. There is no exact
theory of eddy diffusion or the complex geometry of the packed bed and the
A term has been the subject of much apeculation and controversy. Giddings
has given an excellent review of the subject (127, 128).

(1)

1.

2.

D

Experimental Anomalies
Experiments to determine A show many anomalies which imclude

the following:

A values which are nearly zero or negative

Bohenmen and Purnell (129) found )\ = 0.3 for 20~30 and 30-4D mesh
columns but obtained negative values with finer particles and mixed
mesh colwms. Littlewood (130) using uniform glass beads found
values of A betwesn zero end 0.1 mm,  Giddings (75) has also found
apparent negative values of A and recent publications have tended to
assume A = 0 (122, 131-133),
Variation of A with Particle Size

A is gemerally found to incresse almost linearly with decrease in
particle sive (34, 133-137). This was explained by relatively

coarse materisls packing more regularly than fine particles. Thus
Klinkenburg and Sjenitzer (40) found \ to be 8, 3 and 1 for 200-400,
50-100 and 20-40 mesh respectively, The incresse in )\ was outweighbed
by the decrease in dp and\was found to decrease with decresse in particle
size. any other workers (34, 50, 131, 136, 137) have shown that the
A values are independent of particle size.

Varietion of A with Flow Velocity
The variation is inconsistent. Glueckauf (136) found a rapid increase
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(i1)

34.

of A with velocity followed perhaps by a slight decrease. The curves
obtained varied only moderately with the size and method of packing. In
a later experiment (138) no evidence was found for this variation.
Purnell et al. (129, 139) found that the A term combined with the B term
and had an inverse dependence on flow velocity.

Veriation of A with Retention Volume

Kieselbach (133, 140) and Littlewood (130) have shown that light geses
tend to have a larger A value: than more highly retained components.
Yariations of A with Solute, etec.

Variations of A with solute (1%4, 141), with liquid loading (135) and
with pressure snd diffusivity of the carrier gas (142) have also been
reported whereas in theory A should be a property of the column geometry
only.

Origin of Anomalies

Possible sources may include failure to correct the plate height
expression for the colum pressure drop, failure to include mass transfer
in the gas phase, errors of graphical methods and equipment errors. Giddings
et al. (75) and Littlewood (130) have shown that the use of pressure correc-
ttion terms can chenge the apparent eddy diffusion contribution from a very
small positive value to a slishtly negative one. Ayers et al. (131) have
found & substantial intercept of the limiting tangent in an H - u plot even
when eddy diffusion is absent,

The effect of a finite time constant for the injector or detector would
be t0 add a finite width to any peak such that at higher gas velocities an
inereassing proportion of the total peak width would be due to the time
constant of the apparatus. Values of H at high flow rates would be too
large and the dependence of H upon u too steep. The intercept of the limit-
sing tangent in this case would yield a negative value of A and this effect
would be most serious for early pesks.

Although Glueckauf (136) considers that N\ must always be at least 0.5
the view is now becoming general that over the usual range of operating
conditions the A term can be made negligible by careful column construction
and its presence can usually be attributed to some instrumental artifact.
Littlewood and Kieselbach (130, 133) have showm for instance that positive
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values of A can arise from a finite sample volume and from bad geometry
of the ssmple introduction system or detector., Tests with dyes in an
agueous system showed that severe channelling can occur in the glass
wool plugs conventionally used to retain the column packing., ¥ieselbach
showed that improved peak symmetry resulted when the glass wool plugs were
replaced by nickel screens and at the same time the A term dropped from
0,02 to 0,004 ems. Dead volunes throughout the system will also cause
tailing particulsrly noticeable for faster moving peaks and this would
explain why the early peaks in a chromatogram are usually skewed,
(1ii). The Coupling Theory of Bddy Diffusion
4s a result of the failure of experimental results to conform to the
classicsl eddy diffusion conecept, Giddings put forward the 'Coupling
Theory of FEddy Diffusion' which predicts the net contribution of eddy
diffusion to be a function of flow velocity (100, 116, 143) viz.
1

ch 1

(2he) 1+ (ceu)
where H, is the mobile phase contribution to H apart from longitudinal
diffusion.

: 48 u___ 0 A i 9

a8 u__ 00 A _____..?2)\dp

The Cgu term does not include the contribution of stagnant gas which con=-
stributes a separate additive term to H. This theory has been criticised
by Xlinkenberg and Sjenitzer (198). Thus when u is low the term 2 \dp
may well contribute practically nothing to H, The coupling equation arose
from congidering the fact that in s packed column, unlike a cspillary
column, the velocity of a molecule can be changed both by movement along a
single stream path which passes through regions of a wide spectrum of
velocities (eddy diffusion), or by trensverse diffusion across stream paths
(transverse mass transfer). Thus a low velocity may be caused by the near-
sness of the streamline to a particle boundary or by the presence of a pre-
:dominating lateral component of the velocity. At low velocities there
may be time for several lateral diffusional transfers and so a velocity bias
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for an individual molecule may not persist for an entire particle diameter.
According to Giddings this would cause & proportional veduction in the co-
sefficient of eddy diffusion with the result that the latiter effect would no
longer contribute a velocity independent term to the plate height.

In the 35 - dimensional packing structure the flow vegions are intimately
connected by a network of lateral diffusion paths. Since both lateral dif-
ifusion and the effective exchange of streamlines act together tc re-establish
equilibrium, and since the smallness of the plate height is a messure of how
rapidly molecules exchange their positions, the two mechanisms should be com-
spounded as resistances in parsllel rather than in series; hence the coupling
equation (see Figure 10). By the random-walk treatment, the velocity per-
:sistance span, 5, may be written as L/m since n apans meke up the total
migration distance L. The number m is the sum of the two independent processes
due to the flow mechanism, n_., and the diffusion mechsnigam, Uye Thus

L
(ng + my)

Assuming that a stream~path must proceed a diatam:e@xdp to complete & step and
diffusion must take a molecule the distance

8 =

Wy dp to complete s step, ny -—;ﬁz— and ne = s TR
wM dp w wxdp
vhere u i1s the average velocity of the mobile phase,
wa 2L i
Thus H B it e~ ol 5
(n, +np) 1/2)48p + D/ udp

where W ; has been submitted for u;f 2 4 2/2 {see chapter IT (I and VII))
and )\1 for mxw,f/z.

The actual situation is more complicated because the processes may not
compete throughout. The effective exchange of strsamlines will operate more
rapidly in the higher velocity regions since to a firat approximstion a new
velocity i=2 assumed after the passage of a constant distence, the particle
diameter, Consequently a situation can exist in which latersl diffusion
controls the equilibration rate in the slow moving regions and the exchange of
streamlines predominates in the faster mowing regions. In its most recent
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form coupling is written as a sum of terms,
TR AR [l
Ji 1/2 )\idp + 1/csiu
where the summation is over five terms, one for each type of structural
feature mentioned in chapter II (III).

(iv) IExperimental ividence for the Coupling Theory

Published results are not conclusive. Glueckauf (136, 144)
obtained values of A ranging from 0.5 to 3 with increasing velocity.
Bohemen and Purnell (129) plotted the difference in plate height against
1/u for H, and N, as carrier gas. Since only the B term is affected the
plot should be a straight line through the origin., They obtained a curve
which intercepted the 1/u saxis. More recently Perrett and Purnell (124)
concluded fro: their data that the classical theory is valid. One difficulty
ie that the G_-l term either swamps or obscures the others. For this reason
non-sotbing column-solute systems (122, 145, 155) appear the best hope for

determining the relevance and importance of coupling.

IT. The Moleculer Diffusion Term B

The significance of A is discussed in detsil in section III of this
thesia., Diffusion is influenced by the choice of cerrier gas, the pressure
and the temperature. For low molecular weight hydrocarbons values of B
equal to 0.2 to 0.5 cm2/sec in H, and 0.05 to 0.1 cmzfnac in N, at about
atmospheric pressure have been reported (50, 146). Bohemen and Purnell
(129) found that the values of B varied in a haphazard way with change of
particle size. Littlewood (130) has pointed out that one should also con=
sgider the volume in the column connections to the injeetor and detector in
which diffusion contributing to B will occur. Scott (147) has demonstrated
that at gas flow rates below the optimum a plot of peak width against tinme
gives a straight line and for a series of homologous hydrocarbons a series
of straight lines are obtained whose slopes are in proportion to the mole-
scular weights. With a single hydrocarbon at a series of temperatures the
slope approximately relates to the square root of the absolute temperature
supporting the theory of molecular diffusion (see section II), B is
generally written as 2 & Dg where experimental values of X range from 0.5
to unity in support of the theoreticel view that the B/u term represents a
partially obstructed longitudinal diffusion.
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I1I, The Liquid Mass Transfer Term C1

Although this research never graduated to using a liquid phase I
shall include a brief note on Cl for completeness, Liquid diffusion
occurs by a process in which diffusing molecules push through an energy
barrier formed by the cuge of surrounding molecules. The larger the
diffusing molecule the more energy is required and the smaller is its
diffusion coefficient. Gl is thus made small by a uniform thin film
of a low molecular weight non-polar liquid.

The expression for cl is elearly a simplification for packed columns
since a uniform film cannot possibly be present (148, 103, 85). The
theory of the intermolecular forces responsible for the selective retard-
sation is very complex (149 and the choice of liquid is still semi-
empirical. Liquid diffusion coefficients are still largely unpredictable
(150, 151) and direct measurements of D, from GLC data are very rare (191,
105) and likely to be inaccurate. The interaction between the liquid
phase and solid support is also important gince the liquid must wet the
solid and if the forces extend into the liquid phase they may influence
pelectivity., Giddings has given a detailed theoretical treatment of the

C, term (106).

(#) The Relative Importance of the Cpend Cglerms

Depending on the support structure the majority of conventional packed
colum show & C, term in the range from 3 x 10F to 3 x 10”2 seconds, with

1
10" to 10™2 seconds being most common. Assuming typical values for dp

and D_ of 0.02 on (60-80 mesh) and 0.4 cu>/sec respectively, with cJ of the
order of unity, cg is about 10~ seconds. Thus packed colwms are well
balanced with respect to the C terms, With glass bead columns, the only
detailed work (106) has suggested that ¢, may totally dominate cg. due to
the relatively large values of df compared to those for porous supports of
high surface area. @Giddings has given an excellent account of the measure-
sment and interpretation of the C terms (152).
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IV. The Packed Column 1964: Conclusion

It thus appears that the plate height of a packed column may be
most realistically described by an equation of the form:

2 . 1ape
Re) —t— o 2B ) (B () 2«01y
u

tec
1 I g
PN + B+ chiu +Clu + Ho
1 x 1 u
Ai Csiu

This expression does not include contributions less than 1% or terms
describing interfacial solute adsorption, nor does it contain contri-
tbutions from the equipment, finite sample size and non-linear isotherms.
Table (ii) gives the compilation of terms (108).

Table (ii). Compilation of Terms

(a) Ordinary Longitudinal Diffusion
1. Gas me

2, Liquid Phase < 1%
3. Gas-Liquid Interface<1¥
4. Gas=-Solid Interface< 1%
(b) Liquid Phase Mass Transfer
1, Capillary Pools
2. Adsorbed Films <17
(c) Gas Phase Mass Transfer
1. Trans~Particle
2. Trans-Channel < 1%
3. Short-Range Channel Interaction
4. Long-Range ” i
5. Tube-Bending (trans-column effect)
6. Particle-Size Variation (trans-column effect)
7. Wall Effect (trans-column effect)
(d) Interfacial Adsorption and Mass Transfer
1. Gas=-Liquid Interface
2. Ligquid-Solid Interface
3. CGas-Solid Interface (non-wetting systems)< 1%
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Conclusion: While we are still a long way from the ultimate objective

of bridging the gap between theory and experiment, we hsve now progressed
far beyond the uniform film and capillary bundle models of the last decade.
No small part of this development can be attributed to Giddings whose con-
stributions indeed fill the major portion of this work, snd it is fitting
to end on his words:

"Although we must still invent models, average out details, comparte
mentalize the interrelated, rely on inadequate data, igmore the temuous...
we are well along the track of new concepts and refinements, which, in
yielding independent plate height calculations, show immense potential in
selecting promising and yet unborm columne and in bringing chromatography
into the realm of a controlled and quantitative science."

V. The Aim of the Research

The introduction constitutes a review of relevent literature up to the
middle of 1964. When this research was started in 1961 the theory was in
a much more disordered state than it is to-day. A current point of interest
was then the size of the eddy diffusion term A, Since then it has become
clear that A can be made negligible by careful column construction. Theor-
setically A\ is very difficult to evaluate but if the Giddings coupling
theory of eddy diffusion holds this term would be ineffective over the usual
range of operating wvelocities. [Reported values of N vary from + 8 to =0.5.
Until very recently there was little conclusive experimental data in support
of coupling and if, as the theory predicts, it does become important at
higher velocities relative to the optimum, the gas phase contribution to H
ought to reach a velocity independent maximum, If so, this would greatly
influence the conditions required for high-speed analysis. Thus an import-
:ant aim of the work at its inception was the determination of the eddy
diffusion parameter A. As it became appasrent that eddy diffusion and mass
transfer processes should be considered as coupled, the aim shifted to the
investigation of the role, relevance and importance of this concept, and we
became particularly interested in the behaviour of H versus u plots at
relatively high velocities.
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In order to eliminate contributions from liquid phase processes,
we studied the spreading of air peaks on uncoated glass beads (153,
154) first used in a study of column performance by Littlewood (130).
With uniform spherical beads it is possible to prepare a column whose
geometrical characteristics are known. In order to increase the upper
limit of the effective velocity range larger beads were used and a
gystematic study of the effect of bead to column diameter on column
efficiency was carried out to separate any such effeect from that of
particle size alone. This led to the observation that the column to
particle dismeter ratio !gad a major influence on the plate height. This
discovery was made concurrently with a similar discovery by Stemmberg
and Poulson (155),

From the introduction it is seen that for discussion purposes the
HETP equation could be written

H=A+Bu+ (1/A + 1/0811)" + Cu
incorporating both 'classical' and 'coupled' eddy diffusion concepts.

For unsorbed substances t‘.‘l is zero and the pressure dependent quantities
u and D & appear only as the pressure independent ratio u/Dg. The study

of air peaks may thus be fully described by the simplified equation of
Haa+28 0% u +(1/a + 8% (0ap° u) )™

when A' = ®, H=4A+ B+ Cgu —=(1). This equation may be cast
into a reduced form, h = v'4 ol +vwhere h = H/(Bc)'}. V= n(c/B)'l' and
ol = A/(BC)'}. A series of plots of log h against log v are shown in
Figure 11. The curves are symmetrical about the log v axis with minima
at h=2 +0o/ and v=1., The asymptotes to all the curves are the same
and if equation (1) is obeyed it should be possible to determine of by
curve fitting, The critical region for determining o is clearly that
around the minimum,

When A = O the equation becomes H = B/u + (1/A' + 1/Cu)~' the form
favoured by Giddings. Writingo(' = A’ /(Bc)* end h and v ga before, the
reduced form of this equation is h = v (1/o " + 1/v)-1. Plots of
log h agsinst log v for different values of K! are given in Figure 12,



42,

The curves now show inflection points only for «' > 1. The minimum is
thenat h=2+« 1/, v=(1 = 1/9@)-1. In this case the asymmetry of
the curve can be used to determine ol', While this method of plotting
data, suggested by Xnox, provides a general method for the determination
of A and A' given the theoretical curves for all possible combinations
of o and o ', a reasonable estimate of these values can be obtained by
exanining the minimum and the asymmetry of the curve respectively.

The aim of the research described in this section waes thus to clarify
the inter-relationship of eddy diffusion and gas phase mass transfer, and
determine their respective contributions to the HETP of unsorbed peaks in
columns packed with glass beads.
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CEAPTER IV

EXPIRIMINTAL .  GENERAL CONSIDERATIONS

I. [Essential Requireaments

The block diagram of the basic GC apparatus is shown in Figure 13,
Although the essential requirements are extraordinarily simple a thorough
understanding of the properties and mechanisms of the component parts is
essentisl for the attainment of maximum system performance. The study of
air peaks of widths down to less than a second places stringent demands on
the equipment (122, 145, 155, 156). In order to isolate effects due to
column geometry alone, eny solute spreading in the rest of the apparatus
must be minimised and any adsorption on the solid support eliminated. This
is the art of GC.

II. The Injector

Ideally it wes required sutomatically and instantaneously to inject a
sherp pulse of about one microlitre of gas (157-159). In 1961 no such
commercial injector was available. After some initial investigation a
"hammer” type injector was constructed after Scott (160) (Figure 14). The
injector chamber was contimuously purged with ethylene, the sample gas. The
ethylene pressure was maintained slightly below the column inlet pressure
by mounting the rubber bladder containing the ethylene inside a glass bulb
itself held at a pressure slightly below that of the column by a slow leak
through it from the column inlet to the atmosphere. All connections to
and from the injector were of mylon. An injection of about 1 mm’ was
achieved by energising the sclenoid which worked the hamier and sent a pulse
of gas into the column. . Because the column inlet pressure was always
greater than the injector chamber pressure, the tube from the injector to
the column was continuously purged with pure carrier gas, resulting in a
*plug' of semple with no tailing. It was found, however, that the time
constant of this injector was of the order of 0.2 seconds and it was difficult
to control the sample size especially when the inlet pressure was altered.
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As a result the injector shwon in Figure 15 was built. This model gave
reproducible, instantaneous plug-type injection. It consisted of a

3/16 inch diameter steel rod with two transversely drilled holes as shown.
The rod could move inside a closely fitting teflon sleeve which was itself
tightly held in the steel tube. The holes were drilled such that sample
gas could be passed through one hole while carrier gas passed through the
other. On activating the solenocid the sample hole was brought into the
carrier gas line and a sample injected. The main difficulty was leakage
of sample into the column at low column pressures. The problem of leakage
was finally solved by thermostatting the whole injector by a closely fitting
waterjacket, One of the main causes of wear was the different coefficient
of expansion of the PIFE and the brass. Repeated use caused the spindle to
tighten in the sleeve and eventually the spindle became worn and loose.

III. The Detector

The differential detector measures some property related to the con-
tcentration of components in the carrier gas stream and the resulting
chromatogram is a series of peaks. At least 24 different detectors have
been reported for use in GC (356~7).. Detectors suitable for submicrogram
analysis include the thermionic ionisation detector (162), sperk gap
detector (163, 351), glow discharge detector (164, 347-350), radiofrequency
glow detector (165, 354), rediological detector (166, 342-3), electron-
affinity detector (167, 344), electron mobility detector (345-6), radio-
activity detector (168), coulometer (169), infra-red absorption detector
(170, 338-341), and mass spectrometer (171). Of the detectors employing
combustion in a flame, viz., hydrogen~flame detector (172), the emissivity
detector (173) and the flame-ionisation detector (174~176, 352-3), the latter
has the greatest potential for low level analysis and was the detector used
throughout this work,

There have been numerous detailed studies of this detector (177-181).
Our design with the basic circuitry, is shown in Figure 17 after Desty (178).
The detector base, chamber and lid were of brass. A porous stainless steel
disc (Metal and Plastic Components Ltd., Birmingham) was fitted into the base
to provide a uniform flow of air to the {lame chamber. The air, which also
serves to remove water vapour, passed out of the chamber through a series of
small holes bored in the detector lid.
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The upper electrode wes a brass rod 0.09 inches in diameter mounted
directly above the jet which formed the other electrode. The jet had a
tip of platinum, to prevent thermionic emission of electrons, and an
internal diameter of 0.0135 inches. Flatinum is also favoured by its
chemical inertness. It has been shown (182) that electrodes consisting
of loops, wires, gauze or plates have similar efficiencies, although a
slightly incressed ionisation efficiency was obtained with the design in
Pigure 17b, In his detailed study Sternberg used a 5 mm diameter platinum
ring as collector 5 mm above the tip of the jet and for this reason a platinum
'hat' was fitted to the brass electrode as shown. Onkienong, however, showed
that electron capture is complete in any circumstances by finding that a probe
electrode placed ebove the collector gave no signal, while the collector gave
no signal when the probe wes placed below it.

leWilliam and Dewar in their original description used the jet as the
enode at a potential of about 200 v. Many workers have since shown that the
upper electrode should be the anode since this confers sensitivity and stab-
sility, possibly a result of the shorter travel for the slower moving positive
ions thereby minimising recombination. It is generslly agreed that 200 wvolts
represents saturation conditions for a variety of detector designs with the
electrode spacing as small as is consistent with stability. It is interesting
to note that Novak and Janak (183) placed the electrode in the flame at varying
distances from the orifice. Condon et al. (184) found that the use of a heavy-
walled jet reduced the noise probably through the metal acting as a heat sink
and reducing flame temperature.

The linearity of the detector has been shown to extend over 7 orders of
magnitude up to about 0.5 to 1% by volume of the total flame gas (185). With
hydrocarbons the sensitivity of the detector is roughly proportional to the
carbon content of the solute (181, 186-7), The basic circuity is shown in
Figure 17.

This detector was used throughout the resesrch. It has many advantages
over the argon detector which was tried at the start but discarded. It gave
no trouvle apart from corrosion of the collector electrode which was occasion-
tally clesned and polished. It did not require thermostatting and the
response was effectively insensitive to burner gas composition and flow rate.
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The noise level (355) and background current could not be detected on

tha. most asensitive range of the amplifier., The background current in

a very stable and clean flame has been found to be 5 x 10”14 amp (184).
Without adequate air filtration this value rises to about 10”2 amp. The
very small effective volume of a few microlitres, its very fast response,
its sensitivity and stability made it ideal for our studies. The flow
rates used were 25 ml/min for hydrogen and 900 ml/min for air., 4n
excessive air supply can cause turbulence in the flame zone with resultant
noise. The one great disadvantage was its lack of reaponse to inert gases
which prevented the use of air in the study of 'air' peaks. As a result
ethylene was used as solute. The mechanism of response is discussed in

the Appendix.

IV, The Electronic Equipment

The block disgram of the electronic equipment supplied by Bruce
Peebles Limited, Hdinburgh, is shown in Figure 18. This is self-explanatory.
The machine was christened 'Sir Frederick'. The most sensitive range of
the smplifier, of time constant 0.01 secs, gave 5 volts per 1010 amp input.
‘The signal was fed to an integrator (standard 'C-Scope') and peak~holding
unit which stopped an electronic timer, started by an electrical impulse from
the solenoid, Thus for each injection, retention time (secs), peak height
(volts) and peak area (volt secs) were recorded, Peak symmetry was checked
on a J-second Homeywell-Brown recorder at a chart speed of 12 inches a minute.
4 gypical 'eir' peak shown in Figure 19 illustrates the high degree of

sy_matry achieved.

V. Columng end Packing Materials

The columns were straight lengths of pyrex, soda glass or stainless
steel. The capillary colums, which were coiled, were of nylon, The column
intemal diameter was measured by filling the colusmm with water or mercury and
weighing the liguid. It was checked with a micrometer gauge. -

In the column efficiency studies the packing was epherical beads of glass,
polyvinylchloride or stainless steel. The beads were clesned by washing with
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various orgenic solvents, The diameters of the beads were measured by
aligning them in a right-angled groove in a length of brass so that they
touched and noting the length and number. The diameters of the largest
beads were measured with a micrometer screw gauge.

The columns were filled vertically through a filter funnel, They
were tapped and vibrated until the level of the beads did not change with
further tapping. The column connections are shown in Figure 16. The
nylon could be drawn down by stretching to ensure tighimness of fit. The
packed columns were terminated with fine copper gauge screens instead of
the usual glass or cotton wool plugs, to avoid an undesirably large instru-—
imental spread and pesk asymmetry. Particular care was taken to eliminate
any unswept dead volumes in the direct line between the injector and detector,

a

VI. (Celculation of Results

Plate heights were evaluated from the peak width W and the retention

time t,. The peak width W was defined as Integral/Peak Height. Since the

integrator recorded 1.20 volt for every volt sec input,

H( uw) = Inte = Peak Area
Peakk Height 1.20 x Peak Height

For a gaussian curve, area/height = ST 24

-
Hence W = 27T x 6.

N +« The observed plate height is then
1.20

Cal ~ 2
HeL( 6 /t)% =1.44/2T7 § 2/y, where t; = /i Tus H = 0.232 Wu/L
With the improved version of t':he integrator the response was 0.96 volt
sec per volt sec input and H was given by
A 2
H=030 W a /L

In the figures and tables H is given as H. In the later column work
the pesk height was taken from the recorder chart as the peak height unit
became irreproducible. The integral was also read on the recorder to keep
the error as small as possible,
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VII. Method of Allowance for Extra-Column Spreading

Although care was taken to minimise extra-column spreading the
use of a short column packed in the same manner as the longer column
makes it possible to subtract out all end effects, including that of
the detection and injection systems (127). Since the total spreading
due to a number of independent or consecuiive processes is given by

2 2 2 2
6 =°/’ + 62 +‘3 * sevsavncs

the spreading due to the column alone may be obtained from the total
spreading and that due to the apparatus from the formula

e

column total apparatus

VIII.Pressure Corrections

The abnernd plate haight,
= 1/(dy, t)° = 0’25/1.
as shown in the appendix is slightly different from the local plate
height H © due to the.effects of the pressure drop along the column,
However :I.n all our cxperi.mta the correction was negligible and we
have taken Hs h. + Thus,

2
H=6°3/L = Eg" =28 0g°m_ + f(ap, 2% u ),

and for the evaluation of the dependence of H on various parameters
we have plotted 1::31 0 i ageinst log,, u whera u, is calculated (mee
appendix) from u = L,/tR and the .tnlet/Outlat pressure ratio,
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CHAPTER V

THE SPREADING OF UNSORBED PEAKS IN CAPILLARY

AND _PACKED _COLUMNS

I. [Experiments with the 'Hammer' Injector

Two colums were studied a) an open tube of length 1664 cm and id.
0.83 mu and b) a packed column consisting of 4 x 150 em lengths of 3.80
diameter tubing packed with 0.50 mm dismeter glass beads. The packing was
retained by fine gsuze screens and the 4 lengths were connected together by
short lengths of 2 mm id. tubing used to retain the screems. The short
columns consisted of a 40 om length of capillary and 4 x 10 cm lengths of
packed column joined in the same way as the longer lengths. With the
short columns the pesk widths tended to a constant value with increasing
velocity, suggesting that the time constant of the injector was too high,
At the highest gas velocities Hzappmtug accounted for as much as 20% of
“ztotal showing the necessity for the exitra~column spreading correction
(chapter IV.( VII.), Figures 20, 21, Tables 1, 2). The logaritimic plots
of HETP against outlet linear gas velocity are shown in Figures 22 and 23
(Tables 1 and 2). The derived experimental parameters are given in Table 3.

For the capillary column the Golay equation predicts a minimum HETP of
r/1.732 = 0,26 mm, somewhat lower than the experimental value of 0.%4 mm and
Uopt =/ 48 Dg/r = 26 cm.sec”' from which Dg = 0.16 em’ sec '. This agrees
well with published data (see later).

For the packed column the best fit of the experimental and theoretical

curves yields o/ = 0.5 giving A< 0.14 mn = 0.28 dp end the van Deemter
MaxXe.

constant \ < 0.14., There is no evidence of asymetry in the plot, therefore
ol 'Z 10 and may be infinite. The values of & and () depend on the values
taken for o/ and o ' and various reasonable combinations are shown in Table 3.

Ife *'= o9 H =(2 + o) (2 Ew)*ap,snd

min,

ifed = o amin_=(2-1/o(') (2 Ew)*ap.

The & values 0.75 are in reasonable agreement with published data (130, 134).
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For inter-channel diffusion the generalised non-equilibrium theory
predicts a value of &) of about 0.3 for unsorbed solutes (R =1). Our
value of about 0.,% for the packed column is in reasonable agreement with
that deduced by Giddings from Norem's data (103, 122)., The value () =0,3
- implies that the solute molecule must diffuse about half a particle dia-
smeter within the time constant of the equilibrium process. Using the
Kozeny-Carman equation (189) Knox calculated that a column of randomly
packed spheres has the same linear flow resistance as a capillary whose
radius is 0.135 times the particle diemeter, The value of the Cg term
calculated on the basis of the Golay eguation for a tube of this radius
and for k = 0 is dp>/1300 Dg giving @ = 1/1300, Thus ) is some 400
times larger in the packed column than in an open tube of the same resis~
ttance to flow. It is the high specific permeability of the capillary
with a correspondingly low mass transfer coefficient which makes it so
suitable for high speed analysis.

II. Experiments with the Improved Injector and Electronics

Before investigating the effects of column/particle diameter ratio,
the experiments carried out with the *hammer' injector were repeated along
with additionsal checks on the new equipment.

The reproducibility of the improved equipment is shown in Figures 24
and 25 for 3 ranges of the amplifier, i.e. 5 volts for 10"8. 3x 10'9 and
10-9amp. It can be seen that the peak width for a given integral value
increasses slightly as the range (i.e. sample size) increases, showing a small
dependence of H on sample size (190). All further measurements were made on
the 3 x 1679 amp range giving a maximum systematic error inW of 2% and in
H of 4%, The reproducibility of H was about 5%.

Experiments with both long and short packed columns were repeated and
two capillary columns differing greatly in length and internal diameter were
investigated. For both columns experiments with short lengths showed that
the spreading in the rest of the spparatus was negligible. The data were
more consistent than those obtained in the original experiments, and are
given in Figures 26 and 27 and Tables 4 - 6. The derived column parameters
are listed in Tables 7 and 8. There is excellent agreement between the 5



51

experimental and theoretical values of 1 . for the open tubes (Table 7).

This agreement showed that the performance of the apparatus as a whole was
satisfactory and that it did not introduce any extraneous peak broadening.
The smallness of the short column corrections was also an independent
indication that dead volumes and time constants were sufficiently small.

Teble 8 gives the parameters for the packed column. It can be seen
that these have changed considerably. & and © are now 0.6 and 0,06
respectively. Although ol ' is still 7 10, of is 7 1 and is about 1.2.
This however gives the same value for A as found previously, namely A = 0,15 mm
= 0.3 dp and A\ = 0.15.

i. Conclusion

The classical eddy diffusion term is evidently nmot zero although it is
much smaller than unity, the value predicted by the classical theory. Although
at the maximum gae velocity used there was no evidence for coupling, which
would show up as a flattening of the curve, the coupling theory has not been
diaproved. Coupling may still become significant at higher velocities
relative to “optim.

I11I. Particle-to-Column Dismeter Ratio Effect

i. Introduction
As a result of the above work it was decided to increase the upper limit
of the effective velocity range by using larger glass beads., Although it has
generally been assumed that in packed columns the lowest H is obtained with the
smallest particles and that the column diameter (dec) has little influence on H
on the analytical scale, recent studies (155, 191-2) have indicated that unex~
spectedly good performance is obtained when particles larger than 1/8 of the
colum diameter are used. It wes therefore necessary to carry out a systematic
study of the effect of bead-to-column diameter ratio (dp/de) on column effic-
tiency in order to separate any such effects from those of particle size alone.
During the course of the present work St¢ernberg and Poulson (155) published &
study of the same effect which showed clearly the importance of column/particle
diameter ratio on column efficiency. Our more comprehensive data is in good
agreenent with their results.
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ii. Experimental

The colums used in this part of the work were straight lengtha. of
stainless steel of internal diameters 2,40 mm (1), 4.52 mm (II) and
6.12 mm (III). Glase beads of the following mean dismeters were used:
2,08, 1,32, 0.97, 0.85, 0.62 and 0.50 mm. Ball-bearings (id. = 3.97 and
5,55 mm) were also used for colum IJI. As before, nitrogen was the
carrier gas and ethylene the sample gas. The performance of the system
had already been shown to be satisfactory by the experiments on open
tubes. [Ixperiments with short packed columns again showed that the
extraneous spreading was negligible.

The column perfommance was measured over s wide range of particle-to-
column dismeter ratio. For each columm the following parameters were
measured over a range of carrier gas velocities: retention time, peak
height, peak area, inlet pressure, outlet pressure and colume flow rate.

Runs were first carried out with an 'uncut' length (L = 468 cam) of
6412 mm id, packed tube (columm IV), This column was difficult to manip-
sulate and being too long to be filled vertically in the laboratory it was
packed at the head of the department stairs, but it was then difficult to
tap. Columns I, IT and IIT could be clsmped vertically in the laboratory
with the top just missing the ceiling.

iii. Results and Discussion

The data for columns I, II, III and IV are given in Tables 9-12, 13-16,
17-20 and 21-27 respectively. The main derived column parameters are given
in Tables 28 and 29, The data is plotted in Figures 28-32, The log
B/log u, ourves for column IV (Figure 32) are above the corresponding curves
for colum ITI (Figure 31)., This must be attributed to bad packing and
shows the importance of this in determining column efficiency. Apart from
experiments with dp = 4.96 mm data for column LV will not be considered in
the discussion which follows. They will, however, be discussed later in
connection with turbulence. The main features of the results are given in
the next paragraph.

In agreement with Sternberg and Poulson it was found that with only 3
exceptions, all for column III, H mi?l dp, Figure 28, (Table 9), shows a plot
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of W against t& for various dp for colum I. The curves are almost parallel
and for a given t, value (= 50 secs), W increases almost linearly with dp
(Pigure 33a); however from the plot of log Hmin againat dp in Figure 33b the
dependence of H on dp can be seen to decrease with inereasing particle diameter.

The dependence of Hmm/dp on dp/de is shown in Figure 34 (Table 28),
Hmm/dp is seen to decrease sharply with increasing dp/dec indicating that for
a fixed diameter column, the price paid in plate height for using larger particles
in order tec diminish pressure drop is not a= severe as would be expected on the
assumption that Hmin/dp was independent of dp/de. The value obtained with the
glass colum (L = 593 cm) studied previously is seen to fit the curve as does
the point (dp/de = 0.81) obtained with columa IV,

The van Deemter coefficients are given in Tables A, B and C and were deter-
tmined by curve fitting but, due to lack of points, a comsiderable range of
parameters gave an scceptable fit. The values given in the table must there-
:fore be regarded as approximate.

Plots of A . and A/dp against dp/dc are shown in Figures 35a and 35b.
Although curve fitting is often hindered by the lack of points the plots of the
deduced A values do show & definite trend. For a given particle size A is seen
to increase with incressing column diameter. A/dp is seen to decresse rapidly
with increasing dp/dec ratio as found with the H min/dp plot (Pigure 34). 1In all
cases A lies between zero and 0,5 dp which disagrees with Sternberg and Poulson
who found that in all cases A wss negligible within experimental error.

The variation in & is small (Table 29). Taking Dg = 0.165 cn’ sec™', for
dp/de equal to 0.26, 0,35 and 0.55 on column I, & is 0.69, 0.74 and 0.83 res-
spectively for respective porosities of 0.49, 0.60 and 0,72. These points are
marked on Figure 57 supporting the validity of the theoretical approach to ¥
discussed in section Il. It is interesting to note that on the whole my values
for O are about 10% greater than those obtained by Stermberg and Poulson for
glass beads, ¥ is however more accurately determined using the arrested
elution teclmique described in section II,

The (W values are all smaller than those predicted from the theory of
Giddings. From the plot of W againat dp/de (Figure 36) it can be seen that
for the wider diameter columns () is strongly dependent upon the ratio dp/dec but
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this dependence is much less for column I. The values of () are in reason-
sable agreement with those obtained by Sternberg. As would be expected,w
decreases with increase in porosity, i.e, as the packed column approaches
the capillary column.

The curves in Figures 29«32 show varying degrees of asymmetry which
implies either coupling or turbulence or both (see later) since the asymmetry
cannot be due to experimentsi error, Unfortunately, because of the lack of
points at high velocities, the constants for {he coupled form cannot be deter-
smined with sny degree of precision. Because of the irreproducibility of the
right hand sides of the plets turbulence is probably occurring in the flattest
cases. This is supported by the liquid studies of Knox who has shown that
tortuosity comes in at lowest Re values for smallest dp/dc values. This is
discussed in detail later but it is interesting to note that for column I the
asymmetry incresses with decreasing dp/dc values (Figure 29).

Due to the high prescsure drop across the connection to the detector for
the wider bore columns with associated greater volume flow rates, theSvalues
ere only reliable for column I and these are given in Table 29, Porosity as
a function of dp/de for colwmn I is shown in Figure 37. The pressure drop is
very sensitive to the porosity, an increase in porosity from 0.4 to 0.6 increas-
:ing the specific permeability (defined as B, =NL F P if A, A_p P and given

for & packed column by the Kozemy-Carman equation as B = € /180 dp2- N -62),
nearly 8-fold. Since cepillary columns with s porosity of unity can give good
plate heights there should be mo reason why an increase of porosity of packed
columns should lead to impaired performance smnd this is seen to be the case.

For dp/de = 0.40, € = 0,6 and dp/de = 0.2,E€ = 0.48, in ressonable agreement
with Sternberg snd Poulson though in general my € values are higher than his for
the same dp/dc value. The porosity of randomly packed spheres dp/de < 0.1 is
usually about 0.4. The porosity was given by & = tll(air) N / AL P where

Ao and L are the column cross-sectional area and length respectively. With the
largeat beads it was found that the pressure drop scross the colum was con-
ssiderably greater than expected due to the flow being obstructed by the packing.
This, of course, is avoided in the drawm-down glass-capillary columms of Halasz
where the flow channel is kept open by the particles sticking to the walls.
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Table 1 (Figures 20, 22)

Capillary Coluan Datas 4 = 0,088 om. T = 16°C, p_ = 76.0 om.

Ly = 1664 oa. LQL = 38.0 em. Ly = 1664 on.

W u W a W u log 4 l+log nﬁ log 2 1l+log a_a_
0.33 71.0 1.19 14.5 1.00 5.9 1.852 0.64 1.162  0.57
0.34 68,5 1.37 13.5 1.28 5.2 1.836 0,65 1.130 0.64
0.39 65.0 1.51 12,2 1.65 4.3 1.813 0.79 1.087 0.64
0.42 62.5 1.75 11.2 2,55 3.4 1.796 0.85 1.050  0.70
0.43 59.7 2.08 10.3 3.50 3.0 1.776 0.84 1.013  0.79
0.45 53.5 2.10 9.7 3.20 3.2 1.729 0.78 0.986  0.74
0.43 49.3 2.53 6.5 0.47 11.0 1.694 0.67 0.930  0.79
0.44 46,0  0.41 49.2 0.44 12,8 1.665 0.63 1.692  0.62

0.46 43.0 0.39 43.9 0.43 13.7 1.634 0.62 1.620 0.55
0.49 39.1 0.42 39.9 0.39 15.7 1.592 0.60 1.390  0.53
0:52 35.5 0.44 41.7 0.33 18.3 1.550 0.58 1.260 0.53
0.55 32.6 0.51 35.0 0.34 19.9 1.514 0.56 1.114  0.60
0.61 28.2 0.70 24.5 0.31  24.4 1.450 0.53 0.790 0.9
0.68 24.3 0.93 18.2 0.28 27.1 1.386 0.49 0.712  0.98
0.77 22.9 1.35 13.0 0.27 30.3 1.360 0.56 1.017  0.68
0.75 24.8 2.50 8.30 0.25 32,7 1.394 - 0.62 1.045 0.68

0.68 25.8 4.20 6.15 0.25 35.0 1.412 0.55 0.810 0.89
0.76 24.1 5.30 5.03 0.25 38.5 1.382 0.60 1.702 0.67
0.78 22.5 1.85 10.4 0.23 43.0 1.352  0.57 1.754 0.72
0.85 20.3 1.72 1l.1 Q.22 52.5 1.508 0.54 1.882 .74
0.87 19.2 2.55 8.5 0.22 75.0 1.284 0.52 1.868 0.76
0.95 17.9 3.80 6.32 0.20 113.0 1.255 0.54 1.731 0.75
1,00 16,9 0.43 50.0 0.22 126.0 1.228 0C.54 1.200 0.57

1.09 15.8 0.41 56.6 0.22 108.0

1.10 15.8 0.37 66.4 0.22 63.0

0e43 53.8 0.35 73.8 0.23 46.5
0.46 43.1
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Zable 2 (Figures 21, 23)

Packed Column Datas dp = 0.050 om. T = 18°C. p,_= 76.0 om,

I"l = 593.0 em. Ly = 28.0 om. L = 595.0 en.

'} 1 W u log », 1+log B
1.54 G4 0.31 18,2 0.975 0.87
1.16 12.5 Q.30 20.5 1.089 0.85
0.94 15.5 0.28 21.4 1.189 0.87
0.86 17.2 0.25 25.3 1.236 0.68
C.80 19.9 0.23 29.9 1.299 0.95
0.73 21.6 0.22 34.0 1.539 .94
0.52 35.3 0.20 45.5 1.548 1.06
6.30 2.8 0.16 81.8 0.452 1.07
5.62 3.2 0.83 6.9 0.998 1.06
3.80 4.3 1.00 5.9 0.628 0.97
2.75 5.6 1.15 4.4 0.751 0.93
1.95 745 0.35 15.0 0.872 0.86
2.11 6.8 0.42 12.1 0.835 C.85
2.30 Ged 0.64 T4 0.806 0.88
1.88 7.8 2,00 2.6 0.994 0.88
1.68 8.6 045 12.4 0.937 0.86
1.54 9.5 Q.51 10.2 0.975 0.87
1.33 10.8 0.61 8.7 1.033 0.86
3.00 5.2 1.44 3.8 CaT15 095
3.56 4.7 2.75 2.8 0.675 1.0
4.32 3.9 5.80 2.2 0.€01 1.04
5.28 3.4 1.30 3.8 0526 1.07
5.82 3.0 1.06 4.8 0.474 1.05
0.62 28.6 0.62 5.9 1.456 1.02
0.67 26.8 1.74 3.0 1.420 1.04
0.70 24.4 1.52 3.4 1.344 0.98
0.75 22,1 2.30 2.3
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Isble 4 (Figure 26)
s e P0_= 74,0 on. T = 20°C
APgy 21 u, log u, B“ 1 +1logH
12.3 0.924 16.6 1.220 0.47 0.6T1
14.3 0.911 18.4 1.264 0.49 0.690
16.9 0.895 25%.5 1.3711 0.52 0.713
20.4 0.877 29.1 1.464 0.55 04738
24.4 0.858 35.4 1.549 0.55 0.73%8
28,6 0.838 42.8 1.631 0.60 0.775
10.9 0.927 14.2 1.151 0.50 0.653
9.8 0.936 12.8 1.106 0.46 0.660
8.5 0.947 11.3 1.054 0.4 0.659
8.0 0.948 10.3 1.013 0.46 0.667
6.4 0.956 8.2 0.912 0.49 0.689
7.1 0.956 Pel 0.958 0.47 0.674
5.9 0.961 7.6 0.878 0.53 0.727
4.5 0.971 57 0.756 0.57 0.757
Jed 0.980 4.2 0.620 0.75 0.874
13.8 0.911 18.7 .21 0.45 0.652
11.5 0.926 15.4 1.188 0.44 0.646
11.0 0.927 14.7 1.167 0.45 0.650
12.7 0.920 17.2 1.235 0.43 0.637
17.0 0.895 23.7 1.375 0.48 0.683
5.8 0.961 7.4 0.867 0.52 0.716
4.6 0.975 6.2 0.769 0657 0.754
26.5 0.848 39.0 1.591 0.61 0.786
22,5 0.865 32.2 1.507 0¢52 0.717
18.7 0.6%0 26.2 1.418 0.49 0.694
14.5 0.910 19.9 1.299 0¢45 0.650
11.8 0.937 15.8 1.200 043 0.635
10.5 0.933 14.0 1.146 0.45 0.656
4.5 0.975 5.3 0.723 060 0.761
3.9 0. 580 4.5 0.651 0.67 0.828
3.2 04980 4.0 0.602 0473 0.864
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1 i 2
Capillary Colusn Dates L = 3970 om d_ = 0,088 om p__= 74.0 om. ¥ = 20%
APon tl u, log u _ir“ 1+ log &
9.5 0938 94.7 1.976 0.52 0.717
10.4 0.933 105.6 2.024 0.55 0.743
12,3 0.924 127.7 2,082 0.62 0.795
8.5 0.945 86.1 1.935 0.46 0.658
77 0.947 76.7 1.885 0.42 0.627
6.4 0.956 63.0 1.299 0. 36 0.559
5.4 0.966 52.0 1.716 0.33 0520
4.6 0.971 43.0 1.634 0.29 0.460
3.8 0.975 35.6 1.551 0.29 04455
2.5 0.985 22,9 1.360 0.26 00415
2.1 0. 965 18.7 1.272 0.26 0.421
2.7 0.990 14.6 1.165 0.51 0.495
1.4 0.390 12,0 1.078 034 0.529
R 0.590 10.0 1.000 0.42 0.622
0.8 04995 7.25 0.860 0.56 0.748
0.9 0.995 8.0 0.903 0.50 0.701
1.1 0.990 10.3 1.014 0.39 0.594
3.2 0.980 27.9 1.446 0.26 0.416
1.5 0.990 12,8 1.055 0.36 0.552
1.2 0.990 10.5 1.019 0.39 0.587
1.0 0.990 9.33 0.970 0.42 0.625
0.9 0.995 8.37 0.923 0.49 0.668
0.8 0.995 7.47 0.873 0.50 0.695
0.8 0.995 7.47 0.873 0.53 0.723
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Table 6 (Figure 27)

Capillary Column Dates L = 635 om. d_ = 0.268 om. p_ = 74.0 om. T = 20%

ADPon fl u log u, H om l+logH
1.0 0.990 21.0 1.321 1.30 1.113
1.2 0.990 22.5 1.351 1,36 1.134
1.4 0,990 27.1 1.433 1.59 1,202
1.6 0.990 31.7 1.500 1.79 1.252
Yol 0.990 34.0 1.532 1.88 1.273
2.0 0.985 38.3 1,583 2,13 1.328
2.2 0,985 41.8 1.621 2.20 1.343
2.4 0.985 45.8 1.660 2,53 1.403
2.5 0.985 50.1 1.700 2.73 1.436
3.4 0.980 56.8 1.754 3.13 1.496
3.9 0.975 60.8 1,784 3418 1.503
4.3 0.972 68.5 1.836 3.71 1.569
1.1 0.990 19.9 1.299 1.24 1.092
1.0 0.9%0 18.3 1.261 1.15 1.062
0.9 0.993 15.6 1.192 1.05 1.021
0.7 0.995 13.5 1.130 0.99 0.996
0.6 1.000 11.8 1.073 0.97 0.985

0.6 1.000 10.3 1,012 0.95 0.977
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Table 7.

Experimental Parameters for the Capillary Columns.

I II

Length 3970 en. 635 om.
Diameter 0.088 em. 0.288 om.

H min 0025 mm, 0.84 Mmne
r/1.732 0.25 ‘e 0.83 ma.

2 <1 2 =
Dg 0.17 om sec 0.17 om sec
Table .8,

Experimental Paramefers for the Pagked Column,

Length 593 om.
Tabe Diameter dc 0.38 onm.
Bead Diameter dp 050 mm.
K 1.2
A/dp 03

Y 0.6
H min 0.43 mm .
H un/ep 0.86
dp/do 1,31

or! —>10.

]
At/a " b §
Cg 9.3 x 10-4

0,06




Column .‘Dw ép Y 0.50 Bile &p - 0.02 AR ﬁp = 0085 M. dP. w 1.52 mm

Y e v g W 27 ¥ &7 W ar W

3.5 0.67 13.4 0.35 21.5 0.64 14,5 0.56 16,5 0.86
19.4 0.81 16,4 0.45 30.3 0.91 18.6 0.68 12,3 0.70
30.2 1.18 22,5 0.58 474 1.57 32.2 1.15 28,0 1.26
$0.6 2,03 27.2 0.75 6).4 2.20 54.5 2.05 46.0 2.03
85.5 4.13 43.2 1.31 1000 4.60 12.7 6.43 ©64.4 2.93
25.0 1.00 50.4 2,04 23,4 0.6 67.6 2.72 83.0 4.08
40.0 1.58 95.0 4.50 4.7 Codd 86,0 3.76 20,0 0.98
64.0 2.75 20,0 0.52 12,9 0.38 25,0 0.75 34.0 1.%0
57.5 2.38 35.0 1.00 9.5 0.29 45.0 1.63 40.¢ 1.75
52.5 1.70 25,0 0.75 63.5 2.5
69.0 2.50 40.0 1.25 75.0 3.13
55.0  1.90
71.8  2.70
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Table 1 Figure 2

Data for Coluan I (d = 2,40 mm) L= 310 om. T = 20%

Unpaoked Column P, ® 76.0 en.

N p om f; “g log vy H mm l+1loghH
21.3 1.328 0.97 0.985
15.9 1.201 0.79 0897
10,2 1.009 0.69 0.841
6.1 0.785 0.73 0.865
3.6 0.556 1.09 1,037
12,3 1.090 0.72 0.859
y % 0.887 0.70 0.844
4.8 0.683 0.83 0.921
5.4 _0.729 0.71 0,887
Partiole Diameter = 0,50 amp, = 755 om.

D poom f;‘ U, log u, H na 1 +logH
18.4 0.8%0 26,0 1.414 0.31 0.485
14.9 Q910 20.9 1.320 0.31 0.490
11.0 Q933 14.8 1.170 0430 0.480

8.6 Q947 12,1 1.081 0.34 0.536
5.7 Q961 745 0.874 0.42 0.619
4.1 Q975 5¢4 0.728 0.53 0.727
2.6 Q985 3.3 0.521 0.86 0.935
31:7 Q929 16.7 1.223 0.31 0.486
7.2 Qgs2 9.3 0.969 0.37 0.569
5.0 Q971 6.2 0.791 0447 0.676
3.3 Q980 4.6 0.661 0.60 0.776




Table 11 (Figure 29)
Daga for Column I (4 = 2,40 wa) L = 310 om. T = 20%

64.

Yorticle Diameter = 0.62 mm P, =.76.0 ou

A pom rl u, log uy H mm l +1ogH
7.1 0.956 15.1 1.179 Q.41 C.€10
5.2 0.966 10.6 1.025 0.41 0.614
3.4 0.980 6.7 0.825 0.50 0.697
2.5 0.985 5.1 0.710 0.586 0.764
1.6 0.990 3.1 0.497 0.98 0.991
6.5 0.956 13.9 1.142 Q.39 0.593

10.4 0.933 22.6 1.354 0.40 0.601
12,0 0.924 26.0 1.415 0.40 0.600
16.1 0.902 36.2 1.559 0.42 0.625
6.0 0.961 12.9 1,111 0.41 0.610
4.0 0.973 8.0 0.902 0.44 0.645
2.4 0.983 5.6 0.760 0.54 0.733
2.0 0.985 4.4 0.647 0.66 0.817
Particle Dianeter = 0,85 mm Dy * 75.5 em.

A p om fl uy log u, HE mm l+ logh
5.7 0.961 22,3 1.348 0.68 0.833
4.5 0.971 17.2 1.236 0.60 0.781
2.5 0.965 9.8 0.990 0.57 0.757
1.4 0.9%50 5.7 0.759 0.64 0.805
0.6 0.995 2.5 0.389 1.08 1.035
1.2 0.990 4.6 0.667 0.73 0.866
0.9 0.995 5.6 0.560 0.88 0.944
3.0 0.980 12.7 1.102 0.56 0.746
2.0 0.987 7.0 0.845 0.39 0.771
1.6 0.990 4.9 0.694 0.70 0.847
1.0 0.993 4.2 0.620 0.79 0.892
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Jeble 12 (Figure 29)
Data for Column I ‘Qb" 2.40 u} L =« 310 on, T = 20";

Partiole Diumeter (0,97 am Po * 76.0 on

A pom f] uy loguo H mn 1 +logi
5.0 0.966 25.4 1.369 0.72 0.860
4.0 0.975 18.8 1.274 0.66 0.827
2,6 0.980 12.7 1.104 0+60 0.785
1.4 0.990 6.95 JeB42 0.64 0805
1.0 0.995 4.98 0.697 075 0.876
0.8 0+995 4.03 0.605 0.79 0. 900
0.5 0.995 2.63 0.520 1.29 1.109
0.6 0.995 Jéd2 0.547 0.37 0. 588
1.8 0.985 8.85 0547 0.64 0.803
0.8 0.995 4.08 0.611 0.90 0.950

Particle Diameter = 1,32 an 76.0 om.

D pon £, uy log u H aa 1+ logh
2.1 0.985 19.1 1.281 1.25 1.097
3.2 0.980 25.8 1.412 1.47 1.167
0.7 0.995 6.78 0.831 0.688 0944
0.5 0.995 4.85 0.686 0.94 0.974
0.4 0.995 3.76 0575 1.10 1.040
le3 0.990 11.2 1.049 0.92 0.962
2.4 0.985 15.8 1.197 1.08 1.0532
1.2 0.990 9.22 0.560 0.88 0.946

1.0 0.995 7.80 0.889 0.87 0.939
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Table 13 (Figure 30)

Data for Column II( 80.4.52 nm) L = 388 om. T = 20%

Unpacked Column ) R T4.T7 on

A p onm fl un log u, H ma 1+ logH
2,0 0.990 ©.45 0.810 1.60 1,205
2.6 0,985 8.35 0.922 1,50 1,177
3.6 0.980 11,0 1,040 1.74 1.241
4.7 0.975 13.9 1.142 2.12 1.327
5.9 0.970 16.5 1,218 2.56 1.409
7.8 0.961 21,5 1.352 3012 1.494
9.8 0.947 25.8 1.412 3.89 1.590

11.7 0,937 29,6 1.471 4443 1.646
16.0 0.920 38.0 1.580 5.78 1,762
1.8 0.990 5.49 0.740 1.67 1.223
1.6 0.995 4.54 0.657 1.80 1.256
4.6 0.975 14.0 1.145 2.12 1.326
6.0 0.965 17.5 1.243 2.51 1,400
3.9 0.980 11.9 1.076 1.90 1.278
343 0.980 10.3 1.013 1.74 1.240
2.7 0.985 8.50 0.929 1.57 1.195
2.1 0.9%0 6.75 0.829 1.58 1.198
Particle Diameter = 0,50 mm P, = 76.5 onm.

Ap f; u, log u, H nn 1 +1logH
22,9 0.865 20.0 1.300 0.48 0.679
20.9 0.877 19.0 1.278 0.50 0.701
17.9 0,894 15,9 1,201 0.48 0.685
14.7 0.911 13.1 1.118 0.49 0.692
11,3 0.929 9.85 0.993 0.51 0.707

8.9 0,942 7.63 0.883 0.54 0.734
6.8 0,956 5¢75 0.760 0.58 0.764
5.0 0.966 4.14 0.617 0.69 0.839
2.6 0.980 2.50 0. 398 1.02 1.010
942 0.966 3.54 0.549 0.75 0.876
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Figure
Data for Column 11 {de = 4,52 n) L = 388 cm.

Particle Dizneter = 0,62 am P, = 75.50me T = 20° ¢c.

A P ea fL ug log “9 H am 1+ logH
18.8 0.885 24.9 1,396 0.66 0.820
16.2 0.898 21,6 1.335 0.65 0.810
12.5 0.920 16.5 1.218 0.63 0.797

9.4 0.9386 12.2 1.085 0.61 0.784
7.0 0.956 8.73 0.941 0.59 0.774
5¢3 0.966 .62 0.821 0.65 0.812
4.1 0.975 4.97 0.696 0.68 0.832
2.2 0.985 2.70 0.431 1.08 1.052
6.3 0.960 8.18 0.913 0.60 0.781
2.5 0.985 4.03 0.605 0.86 0.935
2.9 0,960 3461 0.557 0.88 0.942

Particle Dismeter = 0,85 as P * 75.7 onm.

AP fl U, losu__g E an l+ logH
9.6 0.938 21.2 1.326 0.64 0.808
T+4 0.952 16.3 ) 5+ byl 0.62 0.789
5e7 0,966 12,2 1.086 0.60 0,781
3.9 0.975 8.35 0.922 0.59 0.774
2.4 0.985 5.32 0.726 0.69 0.837
1.8 0.990 4.02 0.604 0.79 0.898

3.0 0.980 6.60 0.820 0,63 0.800




68.
Jable 15 (Figure 30)
Date for Colugn 11 (4 4.52me) L = 388 on. T = 20°

Partiole Diameter = 0.97 am p, = 76.5 oa.

A p om fl u£ log “g E ma 1+ logi
11.2 0.929 27.2 1.435 1.09 1.038
9.8 0.938 23.1 1.364 1.06 1.026
8.1 0.947 19.3 1.286 1.04 1.015
6.1 0.961 14.5 1.361 0.98 0.992
4.2 0.972 10.2 1.009 0.93 0.968
2.8 0.580 ©.85 0.836 0.89 0.950
1.9 0.9%0 504 0.702 0.94 0.971
1.1 0,995 2.69 0.430 .22 1.087
3.7 0.990 4.38 0.642 0.96 0.962

The oolumn was empticd and repacked P, = 75.7 ea.

AP tl “g log “g B mm 1l +3ogh
8.0 0.952 15.6 1.292 0.90 0.953
6.0 0.961 14.9 1.173 0.84 0.925
4.3 0.971 10.4 1,017 0.82 0.913
2.5 0.965 €.35 0.805 0.81 0.307
1.8 0.950 4.€0 0.663 0.84 0.926

Particle Diaseter = 1.32 am p, 76,0 om.

AP fL ng log n£ H mn 1l +1log il
6.8 0.956 24.1 1.382 0.94 0.973
€.1 0.961 22,1 1.344 0.93 0.969
5.1 0.966 18.4 1,265 0.89 0.947
4.1 0.975 15.0 1.175 0.83 0.920
3.1 0. 980 11,8 1.070 0.82 0.915
1.9 0.990 793 0,899 C.79 0.900
1.5 0.950 545 0.736 0.88 0.945

1.0 0.995 3.69 0.5%90 Ce99 0.996




e 16 (Figare
11 = L= o
Partiole Diameter 2.08 mm. 7. 2 om. T = 20°C.

/AP on tl ug log “6 HE am l +logh
6.1 0.961 26,5 1.423 2.11 1.325
5e1 0.966 23,2 1.366 1.94 1.287
4.1 0.975 19.3 1.284 1.74 1.241
3.2 0.980 15.4 1.186 1.51 1.179
2.1 0.985 11.0 1.041 1.34 1.126
1.4 0.990 7.38 0.468 1.13 1.054
1.0 0.995 5430 0.724 1,10 1.041
0.7 0.995 4.13 0.€16 1.15 1.062
0.4 1.00 2,59 0.413 1.34 1,128
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Table 17 (Fisure 31

Data for Column III (d = 6,12 ma) L = 366 om.

Unpacked Column P,

= 76,0 om. T = 20°%

/AP om f-l u, log ugl H am 1+1ogk
17.1 0,894 21,0 l.321 5.22 1,718
14.7 0.911 18.4 1,264 4.60 1.663
13.0 0.920 16.2 1,210 4.12 1.615
10.6 0.933 13.8 1.141 3.T4 1.573

8.6 0.947 10.5 1.021 3.04 1.483

6.4 0.961 9.17 0.962 2.50 1.397

51 0.966 7.65 0.884 2,14 1.331

3.7 0.975 5.83 0.766 1.85 1.267

2.3 0.985 4.05 0.608 1.74 1.241

1.6 0.990 3.04 0.483 1,67 1,222
Particle Dianeter = Q.50 mm. P, = T5.7 om.

AP om f1 u, 10gu° H mm 1l +iog8H
36.5 0. 797 28.4 1.455 0.78 0.889
30.6 0.826 25.2 1.366 0.71 0.851
25.2 0.853 19.0 1.279 0.72 0.85%
20.7 0.877 15.5 1.190 0.63 0.797
15.7 0.902 11.1 1.045 0.63 0.797
11.8 0.924 8.23 0.915 0.62 0.789

6.6 0.956 5.81 0.764 0.65 0.810
0.1 0.961 4.00 0.602 0.78 0.894
5.1 0.966 3.38 0.529 0.85 0.931
3¢5 0.975 2,27 0.356 1.11 1,046




Tie

8 (ri 1
Data for Column III (d = 6,12 am) L = 366 om.
Particle Dismeter = 0,62 mu. p, = 74.0 ca. T = 20
/\ P om fl ug log u, H om l+1logh
19.0 0.881 21,2 1.326 0.80 0.901
15.4 0.902 16.7 1.223 0.75 0.873
12,1 0.924 13.2 1.121 .74 0.867
8.9 0.942 9.72 0.988 0.72 04857
6.3 0,956 7.00 0,845 0.75 0.872
4.1 0.971 445 0.648 0.79 0,897
2.4 0.985 2,55 0.407 1.10 1.043
. Partiole Dismeter = O.85am Py = T4:5 o
AP “j uy loguo H am 1l +logl
14.1 0.911 23.1 1.363 1.14 1.055
11.1 04929 18.4 1,266 1.08 1.032
8.2 0.947 13.6 1.325 l.02 1.010
5.1 0.966 8.60 04935 0.94 0.975
3.7 0.975 6.08 0.784 0.95 0.977
2.3 0.985 397 0.599 1.03 1.012
1.4 0.990 2,56 0.408 1.30 1.113
= rartiole Diameter = U.9] ma P * 5.7 am
AP fl “g log u£ H na l+legi
12.3 0.924 22,1 1.343 0.89 0.947
10.3 0.933 19.2 1.262 0.84 0.924
8.2 0.947 15.3 1,185 0.83 0.918
6.6 0.956 12.3 1.089 0.82 0.912
4.7 0.971 8.85 0.947 0.79 0.896
3.3 0.890 6.48 0.812 0.81 0.906
2,3 0.985 4.52 0.655 0.85 0.929
1.3 0.950 5.14 0.497 0.95 0.979
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@ izure
Data for Golumns III (4 = 6,12 mm) L = 366 onm.
Particle Diameter = 1,32 mm p, = 74.0 om. T = 20%C
/\ P om f1 u, losuo E am 1+ logk
9.3 0,938 21.7 1.337 1.08 1.034
7.8 0,947 18.3 1,261 098 0.990
6.0 0.961 14.7 1.166 0.97 0,988
4.5 0.971 11.1 1,045 0.91 0.961
3¢3 0.975 8.70 0.940 0.90 0.953
2.4 0.985 6457 0,818 0.89 0.950
1.6 0.990 4.70 0.672 0.98 0,993
32 0.990 3.34 0.524 1.03 1.013
Partiocle Diemeter = 3.97 ma. p = 76.0 en.

A P fl L log u, H mm 1l +1ogH
38,5 04786 15.5 1.150 6.55 1,816
24.4 0.857 12,6 1.099 5475 1,760
13.2 04920 6.35 0,803 2,81 1.449
15.8 0.902 14.9 1.173 6.58 1,818

9.6 0.938 9.30 0. 969 4.04 1.606

T.4 0.952 7.10 0.851 3.25 1,512

2.9 0.980 2,87 0.458 2,19 0.341

3.7 0975 3,66 0.564 2.21 0,345
Particle Diameter = 5.55 mm. p, = 76.0 oa.

AR f] u, log u, H mm 14 logh
32,8 0.815 18.1 1.257 2.29 1.360
20.2 04877 11.1 1,045 1,80 1.255
15.4 0.907 8,40 0.924 1.60 1.204
11.9 0.924 6.48 0.812 1.42 1,151

8.4 0.947 453 0.656 1.50 1.176
5.9 0.961 3,08 0.471 2 1.233
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Table 20 ‘gig!gg 31)

Da Q II1 (4 = 6,12 L = 366
Particle Didmeter = 2,08 mm. 74.0 ams. T, 20°G.

AP om fl w, log w, E ma 1+ logi
15.2 0.902 333 1.522 2.9 1.462
15.5 0.915 29.2 1.465 2.79 1.445
11.5 0.924 26.1 1,417 2.70 1.431
9.4 0.938 22,2 1.346 2,60 1.414
7.2 0.952 17.8 1.250 2,41 1,382
5.7 0.9€1 14.2 1.152 2.34 1,369
4.1 0.971 10.8 1.032 2,12 1,326
2.8 0.980 8.12 0.910 1.94 1.288
1.9 0.985 5.935 0.773 1.69 1.227
1.4 0.990 4.13 0.616 1.65 1,218
1.0 0.990 3.14 0.497 1.67 1.223

The Column was emptied and repacked Py 75.2 om

/\ P om ‘1 u, log LR E am 1+ logi
16.7 0,890 32.4 1.511 2,49 1.396
9.8 0.938 20.4 1,310 2.23 1.349
7.4 0.952 16.0 1.204 2.10 1.322
5.1 0.966 11.2 1.047 1.92 1.283
3.3 0.975 7.50 0.875 1.66 l1.221
2.3 0.985 5.70 0.756 1.54 1.186
1.6 0.990 3.94 0.596 1.54 1,186

1.2 0.990 3.03 0.481 1.48 1.169
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Table 21

Fi

e 32

= 6,12 mm) L = 468 onm

Data for Column IV (dc—

Partiole Diameter = 0.50 mm p, = 75.0 om. T = 20°C.

A Pou fi w, log u H mm 1+ logH
18.8 0.987 12.4 1,092 1.38 1,139
21.4 0.870 16.1 1.207 1.42 1,152
26.4 0.845 20.2 1.305 1.49 1.173
31.0 0.818 24.0 1.580 1.61 1.208
36.1 0.797 28.0 1.447 1,61 1.206
41.4 0.772 32.8 1,516 1.65 1.217
48,3 0.743 39.0 1.591 1.68 1.226
20.0 0.881 14.7 1366 1.36 1.134
16.3 0.898 11.9 1.077 1,33 1.125
14.0 0.915 10.1 1.004 1.32 1,122
11.6 0.935 8.25 0.917 1.32 1.119

9.4 0.938 6.62 0.821 1.27 1.102
7.1 0,956 4.82 0.683 1.28 1.070




Particle Dismeter = 0,62 mm p = 76.0 om T = 20°%c.

75.

Table 22 §F:Lgl_ge 32)

/\ p om fl w, log U, H om 1 +1leghl
13.1 0.920 13:1 1.137 2.14 1.330
6 7% | 0.929 11.4 1,055 2.04 1.309

9.4 0.942 9.55 0.980 1.93 1,285
T.7 0.952 7.78 0.891 1.80 1.256
5.7 0,960 5.63 0.751 1.65 1.217
5.7 0.960 5.63 0.751 1.59 1.201
6.1 0.956 6.95 0.842 1.76 1,246
4.7 0.971 4.70 0.672 1.63 1.212
4.3 0.972 4.18 0.621 1,62 1.209
3.6 0.975 3.45 0.538 1.75 1.244
3.6 0.975 3.48 0.542 1.69 1.228
14.0 0.915 14.5 1.161 2.14 1.330
15.5 0.907 16.2 1.210 2.27 1.356
16.9 0.898 17.6 1.246 2.31 1.364
19.6 0.881 20.7 1.316 2.44 1.387
21.5 0.873 22.6 1.354 2.42 1.383
23.6 0.861 24.5 1,389 2.41 1.382
29.5 0.837 31.2 1.494 2.37 1.375
33.6 0.818 35.3 1.548 2.34 1.369
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ble 23 (Figure 32

Deta for Column IV (4 = 6,12 mm) L = 468 om.
Partiole Diameter = 0,85 mm. p = 76.0 om. T = 20°c.

Aponm fl u, log uy H mm 1l 4+1logh
9.3 0.947 15.1 1.179 1.92 1,283
10.9 0.938 17.6 1.249 2,04 1.309
12.4 0.929 20.0 1.301 2,05 1,312
14.0 0.920 22,3 1.348 2.12 1,326
15.8 0.911 25.3 1.402 2.24 1.350.
17.9 0.898 28,2 1.450 2.14 1.330
19.6 0.890 30.2 1.480 2.10 1,322
2l.3 0.877 33.1 1,520 2,18 1.339
22.9 0.869 35.8 1.554 2.09 1.321
24.8 0.861 3845 1.589 2,13 1.528
27.0 0.849 41.2 1.615 2.09 1.321
29.1 0.837 45.0 1.653 2.09 1.321
9.6 0.947 15.3 1.185 1.72 1.235
8.8 0.952 14.0 1.145 1.68 1.226
7.8 0.956 12,5 1.097 1.69 1.228
6.6 0.966 10.5 1.021 1.71 1.232
5.6 0.971 8.83 0.946 1.66 1.220
4.5 0.980 7.18 0.856 1.63 1,213
3.7 0.985 5.82 0.765 1.70 1.231
3.0 0.990 4.85 0.686 1.65 1.218
2.3 0.995 3.65 0.562 1.85 1.267

1.8 0.995 2.87 0.458 1.89 1.277
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ble 24 (Figure 32

Date for Column IV (@ = 6,12 ma) L = 468 cm.

Partiole Dismeter = 2.08 ma. p_ = 77.0 om. T = 20°c.

A P enm fl uy log u H mm 1 +1ogh
243 0.985 9.05 0.957 T.18 1.856
3.1 0.980 11.3 1.051 8436 1.922
4.7 0.971 14.6 1.165 9.42 1.974
5.3 0.966 17.7 1.247 10.1 2,004
6.7 0.960 21.1 1:.323 10.5 2,023
Te9 0.952 24,6 1.391 il.2 2.050
9.1 0.942 27.9 1.445 11,6 2,003

10.8 0.933 31,3 1.496 11.7 2.069
11.4 0.929 34.3 1.535 11.5 2,059
12.9 0.920 38.7 1.588 12.3 2,091
14.9 0,911 42.9 1.633 11.8 2.073
1.9 0.585 T.57 0.879 6.53 1.815
1.5 0,990 5.87 0.769 6a31 1.800
0.9 0.995 3.49 0.543 5.77 1.761

1.2 0.992 4.81 0.682 5.90 1.7




or Co = 6,12 L = i

Partiole Disneter = 3.97 map, = 7.0 om. T= 20°C,
T p“ fl v, log u, Hmm 1 +1cg il
7.9 0.952 9.22 0.965 4.56 1.659
10.9 0.933 5 % GRS 1.104 6.10 1.785
11.7 0.929 15.8 1.138 6.49 1.812
13.4 0.915 15.7 1.196 7.30 1.863
14.7 0.911 17.1 1.232 759 1.680
16.5 0.902 18.7 1.272 8.11 1.909
18.8 0.685 21.6 1.333 9.02 1.955
20.5 0.877 23.1 1,364 . 8.93 1.951
22.5 0.869 2545 1.407 9.5 1.979
23.5 0.861 27.8 1.444 9.46 1.976
23,5 0,861 27.8 1.444 9.64 1,993
9.6 0.938 10.4 1.015 4.78 1.679
8.5 0.547 8.77 0.943 4,00 1.609
6.3 0.961 7.60 0.881 3.89 1.590
4.8 0.971 5.77 0.761 2.9 1.464

3.8 0.975 450 0.653 3.03 1.482




Table 26 (Figure 32)

19.

Data for Column IV (4 = 6,12 mm) L = 468 em.

Particle Diameter = 4.96 mm. Py = T6e5 Ome T = 20°%C.

/\ p om fl u, log u H mm l +1logk
5.5 0.966 6.95 0.842 2,31 1.364
6.9 0.956 8.78 0.944 2.64 1.421
748 0.952 9.82 0,992 2,74 1.438
845 04947 10.7 1.031 2,99 1.475
9e4 0.942 11.8 1,073 3.16 1.500

10.4 0933 13.2 1.121 3438 1.529
11.8 0.924 15.0 1.175 3474 1.573
12.8 0,920 16.2 1.210 3.98 1.600
14.4 0.911 18.0 1.255 4.36 1,639
19.1 0.885 23.3 1.367 5.45 1.736
21.5 0.873 25.9 1.413 5.86 1.768
25.5 0.853 30.0 1.476 6.41 1.807
28.2 0.837 33.5 1.525 6.86 1.83%6
31.4 0.823 36.0 1.556 7.02 1.846
5¢3 0.966 6455 0.816 2.18 1.338
4.7 0.971 5.78 0.762 2.01 1.304
4.0 0.975 4,92 0.692 1.86 1.269
3¢5 0.975 4.36 0.640 1.92 1.283
2,8 0.980 3447 0.540 1,20 1.310




igure

Data for Column IV (d _= 6.12 an ) L = 468 ou.

Particle Diameter = 5,55 am P = 755 cn

? = 2°°c .

AVey 1’1 v, log v, Hom 1 +1logh
11.2 0.929 12.5 1.095 2.87 1.458
12.7 0.920 15.5 1.190 3.18 1.502
14.5 0.911 18.9 1.275 5¢43 1.535
16.5 0.898 22.6 1.354 3.66 1.563
18.0 0.8%0 26.2 1.418 5.85 1.585
20.1 0.881 29.2 1.465 3.82 1.582
22,6 0.865 33.8 1.529 3499 1.601
24.4 0.857 37+5 1.574 4.12 1,615
28.6 0.833 44.2 1,654 4.37 1,640

8.15 0.947 8.17 0.912 2.84 1.454
6.05 0.961 5.98 0.777 2.59 1.413
4.20 0.975 3.99 0.601 2.88 1.459
9.60 0.938 10.5 1,021 211 1.443
17.1 0.89%4 23,9 1.378 3.93 1.594
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iable 28,
eri Pars s f esg Steel Co .
doam dp sm ap/“ E min “‘1“/49 T A “/a,
2.40 0.50 0.21 0.30 0.60
0.62 0.26 0.40 0.64 0.5 0.08 0.13
0.8% 039 0.56 0.66 0.4 0.09 0.11
0.97 0.40 0.60 0.62 0.4 0.10 0.1¢
1.32 0e55 0.87 0.66 0.4 0.15 ¢.11
Eapty 0.86 (x/ 3 = 0.70)
5¢52 0.50 .11 0.486 0.96 1.0 0.16 0.32
0.62 0.14 0.59 0.95 1.5 0.25 0.47
0.85 0.19 0.59 0.70 1.6 0.26 0.31
0.97 0.22 0.79 0.82 2.0 0.40 0.41
1.52 0.29 0.79 0.60 1.0 0.26 0.20
2.08 0.46 1.10 0.53 1.0 0.37 0.18
Eupty 1.58 (z/ 3 = 1.31)
5.80 0.50 0.13 0.43 0.86 1.2 .15 0.30
6.12 0.50 0.08 0.62 1.24 1.2 0.24 0.47
0.62 0.10 0.72 1.17 1.5 0.31 0.50
0.85 C.14 0.93 1.10 1.5 0.40 0.47
0.97 0.16 0.79 0.82 1.8 0.37 0.39
1.352 0.22 0.89 0.67 1.7 0.41 0.31
2.08 0.34 1.48 2.7
3.97 0.65 2.4 0.54
5.55 0.91 1.45 0.26 1.0 0.08 0.09
4.96 0.81 1.88 0.38
Empty 1.66 (2/ 3 = 1.76)
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Egble 22.
Experimental Parameters for Stainless Steel Columns.

do mm dp mm dp/dc B ¥ cg W p-g% &
2.40 0.50 0.21 4.80 0.48
0.62 0.26 0.229 0.69 1.12 0.05 3.87 0.49
0,85 0435 0.245 0.74 2.14 C.05 2.83% 0.59
0.97  0.40 2.48 0.61
1.32 0.55 0275 0.83 5.13 0.05 1.82 0.T4
4.52 0.50 O.11 0.186 0.56 1.59 0.11 9.04
0.62 C.14 0.186 0.56 1.59 0.07 T30
0.85 0.19 0.170 0.52 1.62 0.04 5.32
0.97 0.22 0.178 0.54 2.75 0.05 4.67
1.32 0.29 0.240 0.73 2.95 0.03 3.42
2.08 0.46 0.209 0.63 2.63 0.01 2.17
6.12 0.50 0.08 0.199 0.61 1.86 0.12 12.2

0.62 0.10 0.186 0456 1.70 0.07 9.88
0.85 0.14 0.200 0.62 5e5 0.08 7.20
0.97 0.16 0.186 0.56 2.5 0.04 6.30
1.32 0.22 0.178 055 3e2 0.03 4.64
2.08 0.34 2.94
3.97 0.65 1.54
5455 0.91 1.12
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IV. Gemeral Discussion

I should like now to consider the concept of turbulence in chromato-
graphic flow for both gas and ligquid systeme to show how this can give
rise to an apparent 'coupling' effect. I should then like to consider
the nature of the gas phase mass transfer process in the light of my owm
results and those obtained recently by Knox and Littlewood.

i. Turbulence

In streamline or laminar flow the resistance to flow is entirely due
to viscous drag or internal friction. As the velocity is increased the
regular pattern of streamline flow becomes unstable and zives way to a
regime in which innumerable small, randomly distributed local eddies form
spontaneously, There is no exact theory of turbulence even in flow through
straight tubes. The degree of turbulence is usually given by the Reymold's
number which is Re = o udp/f?’].

For the development of turbulence Collins (193) gives a tremsition range
from Ry 1 to 10 while Perking and Johnson (194) indicate that a full transition
iz obtained only when Re"? 103. For chromatographic purposes the probable range
is 1 to 100. VWhereas in straight tubes turbulent flow occurs suddenly as Re
exceeds 2100, in the packed column where many widely varying flow channels are
involved turbulence is envisaged as gradually spreading into progressively
smaller channels as Ry increases.

There is no unanimous agreeunent that turbulence begins at Re 1 to 100,
Scheidegger (195) believes that R  is not always an adequate eriterion of
turbulence but Muskat (196) points out that the irregularity of the packing
structure would be conducive to turbulence which can actually be observed with
a stream of fluorescin in a packed column. Turbulence also occurs around a
bend in a tube sooner than it does in a straight portion of the same tube.

ii, Turbulence and Chromatography

Besides the increase in mass transfer rate resulting from erratic shifts
in the entire flow stream 'turbulent diffusion’, turbulence also exerts a
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velocity—-equalication effect: Due to the resulting increased resistance
to flow the flow rate in the larger channels cesused by bridging, etc. will
be reduced, It has been shown that Vg = VI:} where VT and ?L are the ratios
of velocity extremes under laminar and turbulent conditions., Thus in the
short-range interchannel effect where VL is about 7, VT would be about 1.6
and this would greatly reduce zone spreading.

The mathematics of turbtulent diffusion is fer from complete even for
non-porous materials, Both longitudinal end lateral transport are enhsnced
by turbulent diffusion. 1In the turbulent state Dm becomes proportional to
velocity and so the mobile phase terms, H = B/u + Cou become H = H., a
constant independent of velocity in agreement with the coupling theory, 1t
has generally been assumed that Hta dp though Giddings feels that this
assumption does not adequately account for long-rasnge non-uniformities and
that Hf?dp. The effects of turbulence are limited by the associated very
high pressure drop.

Sternberg and Poulson applied the equation developed by Carman (189)
for turbulent flow, viz.

- A€ ML & 42
pAp uo Bofm pO +b tH P°2 ( ¥ ) uo

m

where the b coefficient determines the contribution due to turbulence. For
laminar flow D Z\ p/uo against U, should be constent., Sternberg found that
 JPAN p/u0 varied linearly with linear velocity. Plots for some of my data
are shown in Figure 38 and Tables 30~32. 1In asgreement with Sternberg the
'turbulence! contribution in geaneral increases as the particle diemeter decreases,
at constant column diameter, while the turbulence contribution increases as the
column dismeter increases. The plot for the 2 capillary columns snd column I
for all dp values are horizontal.

logically H representa the ratio of inertial and viscous forces. Inertial
effects (proportional to Ou ) are known to become important in curved tubes or
in very short tubes where the end effects are important and the flow may still
be leminar eventhough /\ p and flow rate are no longer linearly related, i.e.
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fable 30 (Figure 38)
Check of Darcy's law

Column It de = 2.4C mm, T = 20°b.

dp = 0,50 mm dp = 0,62 an dp = (.85 am dp = 1,32 nm
u, A, u, Arp/ye u, AP, u, Ay,
26.0 6041 15.1 373 785 20.0 15.1 8.5
20.9 59.0 10.6 38.6 T1.8 2C.8 25.8 7.6
14.8 €0.2 6.7 39.4 76.8 19,6 6.8 1.9
12.1 57«0 51 37.9 76.2 1847 4.9 1.9
75 59.5 %61 39,6 75.8 18,2 3.8 8.1
5¢4 53.0 1.9 3Te1 76.1 19.8 11.2 8.9
3.3 60.5 22.6 37.4 76,0 19.0
2640 37.8
}6.2 37.5
Column 1I: 40 = 4.52 mm. T = 20°C.
dp = 0.50 mam dp = 0.65 mm dp = 0.62 ma dp = 2.08 am
B AP/, u,  Ap/y, U, APP, % A”/uo
2.5 81.0 21.2 56406 24.9 ©4.4 26,5 18.2
19.0 6.0 18,53 3045 21.&6 63,0 2542 173
15.9 G6.0 12.2 36.9 16.5 2.3 19.3% 16,6
13.1 94.0 8.4 363 12.2 62.5 15%.4 16.1
9.9 94.0 5.3 34.7 8.7 63.3 11.0 14.7
7.6 94.5 400 3403 6.6 6206 7.4 14.6
5.8 9445 5.0 64.0 53 14.4
4.1 95.0 2.7 62.4 4.1 15.0
8.2 60.7 2.6 11.6
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Table 31 (Figure 38)
heak of 's Law
Col 1I eampty Col. IV empty Col. IV Capillary Capillary
dp = 4.96 mm. id, 0.88 mm. id. 2,88 ma.

U, Avbye g AWy, Wy ARB, u,  ARN,, W, AN,
6.5  23.9 Te5 41.2 7.0 62,3  94.7 Te9 200 3.5
Bed 241 8.3 4245 8.8 62,5 105.6 Te8 22,5 3.8
11,0 25.1 9T  44.0 9.8  63.5 120.7 8.2 271 3.9
13.9 26,5 10.9 44.2 10.7 63.8 86.1 Te7 317 3.8
16,5 28.2 18.3 50,0 11.8 4.3 767 Te8 34,0 347
21,5 29.0 200 52.3 13.2 64.0 52.0 8.0 3843 3.8
25.8 30,7 22.1 54,5 15.0 64.5 43.0 8.2 418 3.9
29,6 32,2 4.6 403 16.2  65.0 35.6 8.1 45.8 3.9
38.0  35.2 3.6 38,5 18.0  66.7 22.9 8e2  50.1 3.8
5.5 2542 3.0 3846 23,3 0.0 18.7 8.5 5648 4.5
4.5 27,0 15.9 48.5 25,9  72.0 i4.6 8.7 60.8 4.8
14,0 25,7 14.3 4648 30,0  75.5 12,0 8.7  68.5 447
17¢5  27.0 6.8 415  33.5  75.7 199 4.1
11.9 25,6 12.4 45.6 36,0  80.0 18,3 441
10.3 2449 8.0 42.2

8.5  24.6 4.8  35.8

6.8 24.0
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Table 32 (Pigure 38)

Check of Darcy's Law

Col. III empty Col. III Col., III Col. III
dp = 0.5 mm dp = 0.62 nm dp = 0.85 mm
w, AP/, w,  AnB/, w, A/, u, AP/,
21.0 69.0 16.1 115.0 20.5 82,0 17.9 49.7
18.4  66.5 20.2  116.5 22,5 82.5 20.1  50.7
16.2 66,2 24.0  118.5 24.2  85.5 22.4  51.8
13.8 62.5 28.0 121.0 26.5 86.0 26.4 5345
10.5 €5.7 3248 122.0 31e2 86.0 304 553
9.2 55.2 39.0 124.0 3543 88.5 532 555
T.T 53.0 38.8 90.0 359 55.8
5.8 49.3 17.6 81.0 3846 5648
4.1 43.8 41.2 58.T
3.1 40.2 45.1 58.5
Glase Column Glass Column
L = 593 cm. dp = 0.5 mm. L = 267 om. do = 6.5,
dp = 0e5 mm.
u, A P8/ g0 L N
16.6 593 59 T7+5
18.4 63.2 7.6 T7.3
23.5 593 9+5 78.0
29.1 59.0 11.7 79.3
35.4 59.5 15.3 79.3
42.8 59.6 17.5 80.0

14.2 51.0 20.2 8l.5
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Darcy's law is no longer valid. A predominant wall effect can also cause
Darcy's law to break down. The first change of flow occurs when the inertia
effects in laminar flow become important, caused by curved flow channels, etc.,
and the second change occurs when true turbulence sets in, the Re value at
which non-linearity sets in being determined by the particular system and not
by a 'universal' number.

8ince the column connections consisted in each case of Q.83 mm id. nylon
tubing the 'end' effects would be most marked in the case of columm III. For
this reasson tapered connections were used (Pigure 16). The same data was
also plotted for a glass colwmn (de = 6.5 mm, dp = 0.50 mm, L = 267 cu). The
ends were drawn down so that the nylon capillary was a tight fit. This gives
about the smoothest possible change in dismeter but the slope of the line is
still considerable. For an absolute comparison, of course, all the columns
should be of the same length.

iii, The Hguivalence of Gas and Liquid Chromatography

The lews of fluid dynamics show that gas end ligquid systems can be scaled
one into the other so that the combined effect of flow and diffusion is the
same, Since Dm is about 104 times lower for a liquid than a gas, & slowly
flowing liquid system can be used to attain the very high flow region where
gas chromatographic data is not available.

Giddings (199-201) has shown the GC and LC equivalent in the mobile phase
when the reduced velocity V = dpu/]}ln is the same and the reduced plate height
h = H/dp is essentially equal for the 2 methods since structural factors are
nearly the same for any random packing of gramules. A plot of h versus V
ghould then, to a first approximation, yield a universal curve after the

equation
? Tl 1
h=28/v+ L172;\i+17miy
228 NV + 1

/27 + 1wV
The corresponding classical expression is
h=2 N+ 28 /Y +wV



iv. Turbulence and Coupling

The relative importance of turbulence and coupling which both flatten
the HETP plate at high velocities, may be given by the ratio of R o to the
reduced velocity, i.e.

5 7
RO Dﬂp

This ratio is sbout 10° for ligquids end unity for gases. A reduced velocity
of 1 corresponds to about 10 cm per sec., for gases and 10-4em per sec. for
liquids. Ciddings has calculated that for the short-range interchannel effect,
coupling reaches half its effectiveness at Y 3 of about 2. If Rei_ is taken
as ahout 10, coupling will be very approximstely achieved about 5 times more
readily than turbulence for gases and 5000 times more readily for liquids. A
liguid system must thus be used in order to separate the 2 effects completely.

Terry et al. (201) were the first to compile results obtained by a number
of investigstors on inert columns using liguid carriers. In nearly every case
h approached a constant value at high velocities proving the validity of the
coupling theory of eddy diffusion.

Using a 10 per cent aqueous solution of potessium nitrate as the mobile
phase ¥nox (202) recently studied the spreading of bands of potassium perman-
sganate in colume packed with glass beads using a photometer cell detector,
Some of his results are given in Figure 39 along with my data for the same p
values Tables 33-35), ¥nox found that his data could only be explained by
the coupling theory. He also found that at reduced velocities above about
5000, H/dp first become constant and then declined. This decrease can only
be explained by the onset of turbulence which was also observed to be taking
place. This corresponds to an Re value of about 5 proving that turbulence
miet become important in gases at low reduced velocities as discussed above,
thereby masking the coupling effect.

Although the liguid studies have provided nearly conclusive evidence
against the classicel theory, the small but constant A term, of magnitude
less thsn dp, must still be explained.
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Figures

Variation of log h with log " for different dp values

log V = log u_ dp/0.165 = logu_ + log ¥
log h = log 8dp = log K - log dp = log H + X
dp 0150 0.62 0085 0.97 1.32 2.08 3.97
Y 0.303 0.376 0.515 0.588 0.800 1.26 2.41
log Y 0,519 «0.425 «0.288 «0.231 '=0.097 0.100 0.382
X 0.301 0.208 0.072 0.132 =0.121 «0.318  =0.599

Col Is dp = 0.50 Cel Is dp = 0.62
l1+logH 1+logh log u, log/ 1 +logK 14+ logh log L log /
0.485 0.786 1.414 0,896 0,610 0.818 1.179  0.754
0.490 0.791 1.320 0.802 0.614 0.821 1.025 0.601
0.480 0.781 1.170 0.652 0.697 0.905 0.825 0.400
0.536 0.837 1.081 0.562 0.764 0.972 0.710 0.285
0.619 0.920 0.874 0.355 0.991 1.198 0.497 0.072
0.727 1.028 0.728 0.210 0.523 0.801 1.142 0.T17
0.935 1.261 0.521 0.003 0.601 0.809 1.354 0.929
0.486 0.787 1.222 0.704 0.600 0.808 1.415 0.990
0.569 0.870 0.969 0.450 0.625 0.832 1.559 1.134
0.676 0.977 0.791 0.272  0.610 0.817 1.111  0.686
0.776 1.077 0.661 0.142  0.645 0.853 0.902 0.477
0.733 0.941 0.960 0.335
0.617 1.025 0.647 0.223
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ble Fizsures

Variation of log h with log / for different dp values

Col II:s dp = 1.32 Col IIIs dp = 0.50
1l +logH 14+1logh 1log u log Y l1+logH 1+1logh log v, log
0.973 0.852 1.382 1.285 0,889 1,190 1.453 0.935
0.969 0.848 1.344 1.248  0.851 1,152 1.366 0.847
0.947 0.826 1.265 1.168 0.855 1.156 1.279 0.760
0.920 0.800 1.175 1.078 0.797 1,098 1,190 0.671
0.915 0.795 1.070 0.973 0.797 1.098 1.045 0.527
0.900 0.780 0.899 0.802 0.789 1.090 0.915 0.397
0.945 0.824 0.736 0.640  0.810 1,111 0.764 0.246
0.996 0.875 0.590 0.493 0.894 1.195% 0.602 0.084
0.931 1.232 0.529 0.010

Col IIls dp=1.32 Col III: dp = 0.97
1l +logH 1+ logh log u, log/ 1 +1logH 14+ 1logh log u, log V/
1.034 0.913 1.337 1.240 0.947 0.960 1,543 1.113
0.990 0.869 1.261 1.164 0.924 0.938 1.282 1.052
0.988 0.867 1.166 1.069 0.918 0.931 1.185 0.954
0.961 0.840 1,045 0.948 0.912 0.925 1.089 0.858
0.953 0.833 0.940 0.843 0.896 0.909 0.947 0,716
0.950 0.830 0.818 0.721 0.906 0.920 0.812 0.581
0.993 0.872 0.672 0.575 0.929 0.943 0.655 0.425
1.013 0.892 0.524 0.427 0.979 0.992 0.497 0.266

Col IIIl: dp = 0.62

l+logh l +1logh log u, log v

0.901 1.109 1.326 0,902
0.873 1.080 1.223  0.798
0.869 1.075 1.121  0.696
0.857 1.065 0.988  0.563
0.872 1.079 0.845  0.420

0.897 1.104 0.648 0.224
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Figures

Variation of log h with log )/ for different dp values

Col I: dp = 0.97

Col Ii: dp = 0.50

—

l1+logH 14+ logh log u, log) 1 +logH 1+ logh 1log ug log )
0.860 0.874 1.369 1.139 0.679 0.980 1.300 0.781
0.817 0.830 1.274  1.044 0.701 1.002 1.278  0.759
0.783 0.796 1.104 0.873 0.685 0.986 1.201 0.683
0.805 0.818 0.842 o0.611 0.692 0.993 1.118 0.600
0.900 0.913 0.605 0.375 0.707 1.008 0.995 0.475
1.109 1.122 0.420 0.189 0.7%4 1.035 0.883 0.364
0.968 1.001 0.547 0.316 0.764 1.065 0.760 0.241
0.803 0.816 0.947 0.716 0.839 1.140 0.617 0.098
0.956 0.970 0.611 0.380

Col IIs dp = 0.62 Col IIs dp = 0.85

l+logHE 1+1logh log u, log) 1 +1ogH 1+ logh log u, log vV
0.820 1.027 1.396 0.971 0.808 0.870 1.326 1.038
0.810 1.017 1.335 0.910 0.789 0.860 1.211  0.923
0.797 1.005 1.218 0.793 0.781 0.852 1.086 0.798
0.834 0.991 1.085 0.660 0.774 0.845 0.922 0.634
0.774 0.982 0.941 0.516 0.837 0.908 0.726 0.438
0.812 1.020 0.821  0.396 0.898 0.969 0.604 0.316
0.832 1.040 0.696 0.272 0.800 0.871 0.820 0.531
1.032 1.239 0.431 0.007
c.781 0.989 0.913 0.488
0.935 1.142 0.605 0.181
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Giddings (203) has explained the origin of this term by considering the
differing behaviour of the terms in the summation of the coupling expression,

i.e. 1

1/2?\idp + 1/ 1

In single interstitial channels the Cgi contribution would be small, while a
long range interaction, on account of the large equilibration distance, would
yield large Cgi terms, Vhile the former situation would give H = c‘j_u. the
latter would yleld H =2 >\1dp over most of the experimental range and such
terms as this may well explain the observed A values. Thus over a relatively
narrow range of velocities, experiments may well fit the approximate equation

B ) .Z

Ha2 dp+ L 4 C-u

1/2\dp + 1/0,tu €.

as suggested by Knox and McLaren (197).

v. The Irreproducibility of the Packing Process

“"Description of Column Packing is no substitute for Experience"”
Ambrose and Ambrose,

Before considering the nature of the Cg term I should like to comment
briefly on the difficulty in reproducibly packing a columm. The same column
on being emptied ané refilled in apparently the same way with the same batch of
beads gives a different HETP plot. This is seen in Figure 30 where the curves
for dp values of 0,62 and 0,85 were repeated with the column repacked. In all
the HETP curves shown there may thus be an uncertainty of as much as 0.1 ma in
Hnin. Sternberg’'s results are more consistent than mine and he does not appear
to have had this difficulty. Knox, however, experienced the same thing with
his liquid studies but the effect was les=s marked, The influence of packing
is even more pronounced in data for column IV (Figure 32) where the HNTP curves
for the same dp/de value, though of the same general shape as for column III,
lie much higher on the graph. This column was known to be packed less care-
tfully, but even so the difference is surprisingly large.
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Figure 40 shows a plot of BS mesh against particle size. It can be seen
that the 20-30 and 30-40 mesh ranges cover a larger particle size range than the
80-100 one and it is difficult to reduce this range to increase particle size

uniformity. Sieving has the additional disadvantsge of separating in 2 dimensions
only so that 'rugby-ball' shaped beads can also pass through the mesh. Frxemination
of the finest beads under the microscope revealed that many of them are indeed
‘rugby-~ball' shaped, but the larger-sized ones used in this work appeared uni-
sformly spherical.

There are many recipes in the litersture concerning the packing method,
especially with regard to prep-scale columns ( 204~5) but they all lack expeﬁ-
tmental data. Pyphker (206) using coloured models of different mesh sizes,
usually studied the effects of vibration, tapping, rotation, ete., but he was
unable to form a homogeneous mixture in the column. Fe found that segregation
oecurred at the very start in the separating funnel. Higgins and Smith (207)
found, on the contrary, that several quite distinct methods of column packing
each gave reproducible results., These were descriptively clessified into 'bulk',
‘anow', 'snow-gtorm' and 'mountain' packing. It is interesting that the last
method, 'mountain~packing', was found to give the most efficient columns for
60/70 mesh support though this method had been previously condemned by Giddings
end Fuller (208). How to pack columns reproducibly with maximm efficiency is
still an unsolved problem, and requires further investigation. The indications
from this work and that of Knox in liquid chromatography are that much more
attention should be paid both to packing uniformity and particle size distribution.

vi., [The Hature of the Trans-Column Effect

For straight colums the trans-column :ln.homgmeity may be due to a ‘gize-
tseparation effect' and the 'wall effect' (208, 209). Giddings and FPuller (208)
observed that the larger particles moved preferentially tc the outside as a stream
of particles impacted at the centre of a large tube. As a result of their larger
terminal velocity the large particles rebound more upon impact with the bulk
material than do small particles, thus giving a differentisl distribution. The
flow velocity will thus vary widely over the column cross-section.

Where wall and packing meet the flow channels are different from the normal
interstitisl channels due to the lack of over-lapping particles. Golay (210)
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postulated that this 'wall effect' leads to a velocity asbout 5 times higher
than average within half a particle dismeter from the wall, Schwartz and
Smith (211) found that the maximum velocity occurred one particle diameter
from the wall and based on this work fupe (212) derived an expression for
the velocity profile relating H and column diameter. He then succeeded in
eliminating the wall effect by inserting 'pre-calculated’ discs.

The trans-column flow pattern is known to be of great importance in
large-scale chromatography. Carle and Jomns (213) obtained a 20-fold
increase in H when scaling up columns from 5 to 75 mm diameter, but this
work is open to guestion since Huyten (214) obtained H values of 2 mm with
colume up to 100 mm in diameter.- UHuytem et al found a 12-fold increase in
flow velocity within a ¥ - particle diameter of the wall was necessary to
explain the velocity veriation on the basis of wall effects. In contrast,
the work of Bemenati and Brosilow (215) showed that the average porosity of
a wall layer dp/2 thick is about 0.44 which would result in a velocity

increase of less than 50% in the layer. They found that the outside to
inside flow velocity ratio was about 1.25 and 1.44 in the tapped and untapped
chromosorb columns respectively. Many investigators however (195) have found
a decreased rather than an incressed velocity within a J-particle dismeser of
the wall due to the flattening of irregular particles against the wall.

The 'wall effect' was also demonstrated by Frisone (216) who drew air
through a column saturated with hexane. The hexane could be seen evapor-
sating away from the walls quicker than from the centre,

Novem (217) put forward the view that the wall effect is & misnomer. He
suggested that a continuously varying velocity profile is due to some system-
:atic packing inhomogeneity rather than to a narrow annular space around the
wall which, although inereasing in area as the colum diameter increases,
becomes a smalier fraction of the total area. This was supported by Hudy
(218) who thought the effect may not be a ‘wall effect’ at all but a manifest-
tation of some non-linear flow pattern through the column. CGiddings end Fuller
concluded that particle size variation alone could easily explain the full
velocity variation of Huyten, and that the wall effect can only account for a
small fraction, if any, of the observed result. However, the centre and wall
regions of the tube are never equivalent and thus camnot be subjected to the
same influences and forces. The proximity of a wall muat always influence
packing structure, A suggested band profile as & result of the 'wall effect'
is shown in Figure 41,
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vii. The Importance of the Trans-Column Effect

Using the random-walk approach, Giddings has calculated approximate
values for the separate )\L and L'J'Ltems associated with each of the 5 types
of flow inequality. These are given in Table (iii). The curves in
Figure 42 are constructed with the parameters for a straight column. Curve
Sa is plotted for a column with a dismeter of 12 dp (i.e. m = 12) giving

W= 0,14 and A = 2.8. This is the one curve which varies widely from column
to colum firstly because the values of W and Avary

Table (iii)
Type of Velocity Inequality W A 3 ;);5_
1. Trans-Channel 0,01 0.5 102
2. Trans-Particle 0.1 104 2 x 10°
3. Short-Range Interchannel 0.5 0.5 2
4, long-Range Interchannel 2 0.1 0.1
5a, Trans-Column 0.02 = 10 0.4 - 200 40
5b. Trans-colum (coiled) 0 - 10° 0-10° 40
V 31" 2N Sy

with n2 and secondly because these parameters will be a sensitive function of

the method of packing the columa and the uniformity of the support particles.
It is interesting to compare the form of these curves with those in

Figure 39 for gases and liquids, Although the curves obtained by Knox for

liguids are all slightly lower than the corresponding curves for gases, the fit

is reasonably satisfactory. Thie differsnce could be perhaps an indication of

mre uniform packing. It can be seen that the curves for different values of

p are very nearly parallel and Knox expresses H in the form

H/dp=g(p) xg (Y) xh
showing that all contributions to Il contain the same dependence on column to

particle diameter ratio. Figure 43 (Table 36) shows a plot of log h/log p at
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Table 36 (Figure 43)

Yariation of log h with log O at gonstant  (63)

do dp fﬁ log l +logh
2.40 0.50 4.80 0.681 0.79
0.62 5.87 0.588 0.81
0.97 3.48 0.394 0.79
4.52 0.50 9.04 0.956 1.00
0.62 7.30 0.863 1.01
0.85 5.32 0.726 0.85
1.32 3.42 0.534 0.78
6.12 0.50 12,24 1.088 1.14
0.62 9.88 0.995 1.08
0.97 6.30 0.799 0.91

1.52 4.64 0.667 0.83
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a fixed value of ¥, 300 for liquids and 6,3 for gases, which again illustrates
the equivalence of the 2 systeme and confirms the importance of column-to-
particle diameter ratio,.

From the liguid studies Knox concluded that at reduced velocities above
about 20 tresns-column processes are the only ones which are important. This
conclusion is contrary to the view of CGiddings but is confirmed by the present

data., The efficiency was greatly decreased by looser packing giving o greater
void space and greater irregularity of flow profile. The departure from
Darcy's lew increased in order of increasing diameter irrespective of the pack-
:ing. The A term also incressed with column diameter, i.e. with increase in
trans-column effects as stated by Giddings. For a given dp value, 0 increased
with incresse in column diameter indicating an incresse in equilibration dis-
stance, i.e. (0 results from a trans-column interaction. The importance of the
trans-column effect was most elegantly illustrated in theory end practice by
Littlewood (219) at the recent Brighton symposium.

Using the generalised nom-equilibrium theory, Littlewood calculated plate
height contributions corresponding to different kinds of velocity profilea and
showed that the factor which increased Hg more than anything else was the exie-
ttence of widely separated points with different gas speeds. H was shown to be

very sensitive to the value of the colusmn diaseter,

lLittlewood prepared columns s0 as to exsggerate the flow profile, i.e. of

different porosity in the middle and outside, snd found that in the more unevenly
packed column the Cg term was dominant, the order of the C values being also the
order of the diffusion coefficients. The agreement with within 10% of the
calculated value. He calculated the effect of small-scale flow variations
extending over the order of one particle diameter and founé vslues much less
than the observed ones but in agzreecment with ¥ieselbach's data on glass=bead

From the relation u &« (gﬂ—a‘? & 157 change in u is produced by a 3"
Y

change in voidege €. He sugzested that fluctuations in packing density acrose
the column contribute largely to Cg. This is also supported by the irreproduc~
:ibility of the filling procedure. Thus Kieselbach obtained values of Cg
differing by 50% from 'identical' chromosorb columns., Thie was discusesed
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esrlier and it is far more probable that this change results from small
differences in large-scale fluctustions rather than large differences ia
small-scale fluctvations.

Littlewood illustrated his theory with cresol-red impregnated columns
through which he passed alternately acid and alkali vapours. He found that
the colour change was very sharp, no broader than one particle diameter. The

surface of colour change represents a surface of constant concentragtion at
which the pH attains a particular value. Usually the line of change was
inclined acrosa the width of the column as in Figure 44, Thus the large-
scale unevenness producing a very large Cg term must be atiributed to the
profile. In contrast to Perrett and Purnell (124) Littlewood found mo
dependence of Cg with XK.

At the symposium Giddings was not coupletely convinued by this work and
commented that Littlewood had underestimated the 'long-range' interchannel
effect and non-uniformities over 3, 4 or 5 particle diameters could have a
considerable effect. In many of the columns which I have considered there
are, however, only about this number of particles across the column section
thus the long-range interchannel and the trans-column effects are often
equivalent. The final word on the matler came from Giddings; appropriately
it was "CGreater calculation is required" !

Ve Conclusion

Although this woric has helped to clarify the inter-relationship and
magnitude of eddy diffusion and mass transfer, and the coupling theory has
been conclusively proved by the liguid studies of ¥Xnox and others, the
theory of the chromatographic process is still far from complete and none of
the results exactly fit the theoretical eguations of Giddings. It is there-
tifore concluded that the present theories must be revised in order to accom-
smodate the growing experimental data.



SECTION II

[THE DETERMINATION OF D, _AND
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GHAPTER I

THE MEASUREMENT OF DIFFUSION COEFFICIENTS OF

GASES AND VAPOURS.

I,  Introduction

i. Definition and Historical

When a gas containe two or more different Idnds of molesules whose
relative concentrations vary from point to point, a process called dif-
fusion is observed to occur in such a way as to diminish the inequalities
of composition. The net flow of each kind of molecule will obviously
occur in the opposite direction to its concentration gradient. Besides
its importance in many practical applications where the mixing-time by
diffusion may be rate-determining, accurate Imowledge of the molecular
diffusion coefficients of gases and their temperature dependence is
important in studies of laminar flame propagation snd structure and is
useful in obtaining fundamental information on forces between unlike
molecules.

Barly experimenters in the field include Priestley (220) in 1736,
Dalton (221) in 1803 and Berthollet (222) in 1809, Grahame (223) showed
that the rates of diffusion of two gases are inversely preportional to the
square roots of the densities. The general law of diffusion was first
stated by Pick (224) and relates ‘the number of molecules (dN/dt) crossing
a plane in time t to the area A and the concentration gradiemt dn/dl, i.e.
dn/dt =-DA (dn/dl) ; or for a plane of unit area, dN/dt = - D(dn/dl)

D is the diffusion coefficient or diffusivity. The negative sign shows
that diffusion occurs in the direction of diminishing concentration.
Pick's second law relates the rate of increasse of concentration (dn/dt) in
a given element of volume, For diffusion in three directions, Pick's
second law gives

dn/dt = D( bzn/ 2x° + bzn/ by'? + hzn/ %>)

For 1-dimensional diffusion of interest in gas chromatography, this
becomes dn/dt = D(dzn/dlz). Fick's laws describe diffusion in regions
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which are fixed in the medium. For a flowing fluid the effects due to flow
transport through each cross-section must be added and the second law, as
used in the generalised non-equilibrium theory, becomes

dn/dt = -Ru dn/dl + D (8°n/a1%)

ii, The General HEquation for Diffusion

An acceptable solution to Fick's second law, dn/dt = D (dzn/dlz)

2
isn = A/t‘k.a =+ /4“‘(225). If we write y2 = 12/41}1-..
dl = 2(m;)‘}ay and n= A/t*.e"’z

o0
The total quantity of diffusing material m, is m = 5" ndl
-’00
T o)

‘2
m;amuzm*/@ e dy i.e. m = 24 (T D)
< o0

- &

e A=m/2(T 1'))1‘k enéd n=mn/2(T D)"},,")‘%m

This equation represents a gaussian distribution (see Appendix I)
no =n/2(T m-.)*

2
Hence R /4vt .

2 .
- Writingn = n___/e, 10 = 4Dt where le

represents the d-band-width at 1/eth of the height and is related to the
standard deviation 6 by 1_ =/ 2 o where 6 is the j-band-width at the
inflexion point.

Te 6° =122 =o2mt
This is the Einstein equation and gives the 'ﬁidth' of the concentration
profile for a given diffusivity as a function of time.

II. The ixperimental Measurement of Diffusion Coefficients

Most experimental snd theoretical studies of diffusion in gases have been
concerned with very simple systems, e.g. le in Nz. and there is a strong need
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for more extensive diffusion coefficient date (226-229) particularly on
organic molecules. Current methods (229-231) involving a Loschmidt-type
apparatus or the point-source method of b!aik:ar and Westenburg (229, 232)
are time-consuming while the faster methods of Waldman (233) appear to be
less precise. The precision ranges from 0.4% for the best Loschmidt-type
determination to 5% for other types, The most widely used method for the
measurement of vapour diffusion coefficients is that of Stefan (227, 234~
240), The precision is poor for vapours of liquids of very high or very
low vapour pressures and the method is thus limited to a rather narrow
temperature range. No measurement whatever can be made above the boiling-
point of the liquid and each determination requires a relatively large
quantity of liquid and a period of several hours.

The general theories of band spreading in chromatographic columns are
founded on the basic theory of diffusion, and in particular the molecular
diffusion and gas mass transfer terms are strongly dependent on Dg. Several
workers (134, 241-245) have shown that diffusion coefficients can be measured
rapidly snd accurately by variations of an elution method involving an empty
tube., Only trace amounts of sample are required. The Golay equation (41)
for an open tube with no liquid phase reduces to

H o= 2Dg/u° 4 (r2/24 Dg)“o -

Thus it should only be necessary to measure H and obtain Dg from a single
experiment since

D, = u,/4 (E S/ a s

tne is not restricted to very low flow rates and the associated difficulties
of back diffusion, detector instability, ete., are eliminated., The preciesion
has been given as 1% by Giddings et al. (242-245). Fach measured value of H
gives two values of Dg which become equal at u n\/'4_81}5/r and one works either
well before or well after this critical velocity.

Alternatively for low velocities, the straight-line plot of Hu against u
gives an intercept of 2Dg., TUsing this method Bohemen and Purnell obtained an
experimental to literature ratio for Dg of 0,97 - 1.03, an excellent agreement.
Scott and Hageldean on the other hand (246) working with a coated capillery
calculated Dg both from the B and Cg terms and obtained widely differing values
differing widely from the celculated value. Desty end Goldup (72) found a
gimilar result, These anomalies could perhaps be explained by the non-uniform-
sity of the liquid film but the sitvation is not a happy one. Carberry and

2
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Bretton, indeed (247, 248), ignored the existence of ¥ at very low

velocities and assumed that the product Hu yielded Dg, thereby intro-
sducing an error of 10 to 40% §{ “hat is required is a general method
for gases and vapours which is rapid and has an accuracy of about 17 .

i. The Arrested Elution Method

By Einstein's equation, the concentration profile of a spike of gas
spreading by diffusion into another gas is Gaussian after a finite time
t and the rate of spreading is given by the equation, 4o’ ° /dt = 21g

where 6! is the standard deviation of the Gaussian concentration profile
measured as a distence and Dg is the binary diffusion ooefficient. In
practice in any gquasi-chromatographic method the time variance d of the
eluted band is messured rather than 6 2 If the spresding hsnd moves
slowly down the column at a constant linear velocity u, longitudinal dif-
:fusion will occur at the same rate as if the band were static. In an
empty tube, if u is sufficiently low, other sources of spreading mm; be
neglected and diffusional spresding is given by d ¢ 2/dt = 2D g/u gince
6 x/ 6 t =u. The arrested elution method is a davelopment of the con=
stinwous elution method. A sharp band of an unsorbed ges B is injected
into the column and eluted at a controlled and messurable velocity. Vhen
the band is about half-way down the column the gas flow is arrested for a
time t, during which spreading can occur only by diffusion, Finally the
band is eluted from the colum and its concentration profile end standard
deviation determined by the detector, Provided that B is not sorbed by
the column, the above equation holds for the additional variance produced
by diffusion during the delay period if u is taken as the outlet elutien
velocity u . The variance produced by the injector, column connections,
detector and elution along the column are now the same whatever the delay
and cen accordingly be subtracted out. ‘I‘hus a plot of 4 2 against delay
should be a straight line of gradient 2D 8/11 with the intercept at zero
delay the variance introduced by the standard procedure,

The method has 3 major advantages over the continuous method., Extra-
column spreading and spreading within the column due %o processes other
then longitudinal diffusion are allowed for. OQuite a short column can be
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used whose diameter can be made uniform. Non-uniformity would clearly
introduce an error into the band width. It is unnecessary to maintain
& low flow rate constant over a long period of time, say ten minutes, so
that most of the experimental difficulties met with in the contimuous
elution method are avoided.

III. The Theoretical Estimation of Dg

Dg can be calculated from theory with different degrees of precision.
RFarly equations were based on the elementary kinetic theory of gases which
regarded molecules as hard spheres, but later theories considered more
reslistic models. There have been several reviews, the most recent being
that of Ciddings and Fuller (150, 249-252).

Heyer's formula (253) gave Dg as composition dependent, a fact not
found in practice for low concentrations. In terms of mole fractions x,
itdes D, =1/2X 0, +1/2X8 Ay e (254) postulated
that diffusion was not hindered by collisions of molecules of the same kind,
The Stefan-Maxwell equation is:

ok 8 AT ( A ) %
(n, +n,) 6,)° Lo "

P ™

where the constent ol is variously given as 1/3T , 1/8, 1/2TT and 3/32
(150, 255). Although based on the hard sphere model this equation doos
represent the behaviour of gases fairly well, It follows from the above
equation that

L)
o T
912 = 312 Trf:"‘ )n -—Eﬂ-— where m' = 1.50. The temperature

dependence has been found to vary from system to system and m' does not
always have the value of 1.50 (241).

In the Gilliland equation (256) the o’, o Values, for which only limited
data are available, were replaced by more accessible molar volume terms.

3/2 e 7,
Dy, = 0.0043 T /178, +17i; /(v1 +Y,7%) p

Thig followed the approach of Arnold (257). He adopted the Sutherland
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temperature function (258) and the temperature dependence of Dg was
changed to 7°/2

The diffusion equation was further developed by Hirschfelder, Bird
and Spotz (259, 260), Following the rigorous Chapmen~inskog kinetic
approach (255) the equation is

0.001858 12 (1/m, + 1/m )

2
P ‘{12 -Q—n. 12

-QD,12 is a dimensionless function of the temperature and of the intermolec-
sular potential field. ‘fhis potential field may be approximated by the
Lennard-Jones function with inverse-sixth power attractive terms and inverse-
twelfth power repulsive terms, viz,

1 oo
¢ ®) L4€, [( $1z )12 (_&)]

U pevaluated as & function of (k’l‘/& )y is listed in tables (150, 252). The
values of the Lennard-Jones force constants for each component are best ob-

stained from viscosity data, and for non-polar, non-reacting molecule pairs

they may be combined empirically, thus (261, 262)

=1/2 (6, + 6,

Dip =

6,12
€2 =& S *

Although the equation was derived for monatomic, non-polar gases, it
has been found to work well for polyatomic and non-polar gases as well., Chen
and othmer (263) further developed this to eliminate the nced to use collision
integrals from tables but the method is very involved.

Wilke and Lee (264) reduced the average error to 4% from 77 by introducing
the empirical function 0,00214 = 0,000492 (1 /M1 + 1/M2) where the force
constants were obltained from viscosity data. The diffusion eguation has since
been developed further by Slattery and Bird (265) and Othmer and Chen (266).

A comparison of experimental and calculated results (249, 251) shows that
the Gilliland equation incurs the largest errors and is the most erratic. The
error is of the order of -50% for helium as the main component and -12% for the
heavier gases. The best overall agresment is obtained with the Wilke and Lee
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modification of the Hirschfelder, Bird and Spotz equation. Diffusion co=-
sefficients are difficult to measure accorately as evidenced by the dis -
sagreement among different experimental values for the same gas pair and
the experimental methods are apt to give too large values for Dg because of
convection.

IV. A test of the Arrested Flution Method

i+ Aim of the Research

Ten diffusion coefficients were measured using the arrested elution
technique and the values obtained were compared with those calculated from
the Wilke and Lee version of the diffusion equation.

ii, lxperimental Procedure

The first experiments were carried out with nylon capillary. tubing of
internal diameter 0.83 and 1.48 mm at different flow rates of carrier gas
(columns I = III). A typical experiment was as follows: The ethylene
sample was injected and eluted as usual snd the time spent in the column
calculated from the observed time and the volumes of the column and the
ancillary tubing, the latter being always less than 37 of the former, Pressure
corrections were slways less than 2%. The values of u, were checked by direct
measurement of the volume flow rates and the gas phase volumes of the columm,
The latter were determined by filling the tubes with mercury and weighing the
liquide¢ In the case of the c5 liquids, samples were obtained by bubbling
nitrogen through a 5% solution of the hydrocarbon in dinonylphthalate, The
resulting contaminated stream was then used as the sample gas.

To study the static spreading in the column the band of ethylene was
eluted about half-way along the column at the linear flow rate used in the
continuous elution experiment. The flow was then switched to a dummy column
of exactly equal resistance by turning the two-way tap T as shown in Figure 13.
After a delay of 1 to 20 mimates the flow was reconnected to the column and the
peak eluted, A plot of wz against t was then drawan up.

By using nitrogen slizhtly contaminated with pentane as the carrier gas
the recorder deflection was proportional to the flow and it was found that with
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large pressure drops across the columa the gas velocity did not reach its
stationary value before the peak was eluted. A typical trace is shown in
Figure 45a. This led to an excessively high Dg value because the assumed
value of u in the egquation d&tz/dt = ZDE/u 02 (see below) was higher than
the actual value, With a pressure drop of the order of 2 cm of mercury
the deflection reached at least 997% of its stationary value before the peak
was eluted as shown in Figure 45b and the error was negligible.

The apparatus was then improved. The nylon tube was replaced by a
five foot length of glass tubing of intemmal diameter 1.56 mam. This was
silanised with dichlorodimethylsilsne (see later). Column connections
were reduced to an absolute minimum. The column and injector were surround-
ted by water jackets and thermostatted at 20°C, The diffusion coefficients
of a selection of pure hydrocarbons, supplied by B,H.C., Ltd. and B,P, Lid.,
were then measured.

iii. Calculation of Resulis
Since the expression for diffusional spreading in an empty tube,
2 2
dd,~/at = 2D /Y

holds for the additional variance produced by diffusion during the delay
period if u is taken as u, & plot of o’ against delay gives a straight
line of gradient 2D g/u from which Dg may be determined. The intercept
at zero delay is the variance produced by extra-column spreading processes.
In practice w° is plotted ageinst delay time and 4, is obtained from the

relationship, Int ] : /2-—11.- y
Pesk Height 0.96
2 g
Hence D= aw® (0.96)° u
dt 270 2

Since u  occurs to the second power in the above expression it must be
messured as accurately ss possible. With the present apparatus the
accuracy of the method cannot be claimed to be eny better than 27
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ive Results and Discussion

The experimental parameters and run data are given in Tables 37-40,

The straight-line plots are shown in Figures 46-49., The agreement between
the measured and calculated values for the paraffin-type molecules (Table 41)
which may be linear or crumpled in the gas phase, is good, considering the
assumptions that the molecular interaction can be described in terms of a
Lennard-Jones potential and that the force constants between unlike molecules
may be taken as the average of the force constants betweecn like molecules
evaluated from viscosity data. The excellent agreement for systems involving
ethane or butane must mean that at room temperature the molecules are effegt-
tively spherically symmetrical in their intersction with other molecules.

In each case the value for the iso-paraffin is about 2% lower than that
for the normal isomer. This might be expected from structural considerations
though the bmohn& igomer has been reported as having & higher diffusion co-
tefficient than the straight-chain one (267-268), The decreased value may be
interpreted as meaning that the collision dismeter for iso-butane is slightly
larger than that for normal butane.

The diffusion coefficient falls off rapidly with increasing molecular
pize and more slowly with increasing molecular weight. Figure 50 (Table 42)
shows the proportionality of D to the inverse square root of the molecular
weight, i.e, density, as originally noticed by Graheme (22%), The linearity
of the plot is surprisingly good considering that all the other parameters
entering into the expression for D have been ignored.

The largest error between calculated and experimental is found with the
pentanes., The experimental values are however consistent among themselves,
and it is to be expected that the agreement between calculated and experi-
mmental will fall off with increasing molecular complexity.

There is also a slight discrepancy between my values calculated from the
parancters in Table 42 and those reported in the litoraturs (251, 249). Thus
D= 0,163 (T = 2_?80‘:_‘! has becn reported for ethylene,snd cyclohexane, calculated
by me as 0.0789, has been reported as 0.0764 (T = 28*'_}0-"3). This disorepancy
could easily be in the method of calculation.
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1'1 0.982 0.990 0.992
u em.s00™ 28,8 26.2 13.4
Dgcnzno-l 0.164 0.166 0.164
Zeble 36 (figures 46 and 47)
ivi >
Column I Coluan I Columa III
Reaidence ¥ az Fesidence @ .“2 Residencs '} vz
Tine(nins) Time(aiue ) Time(mins )
G.97 0.60 0.36 0.53% D48 0.25 0.856 1.67 2.80
2.54 0.88 0.78 1.27 0.4 0.4l 2.45% 1.8 3.26
554 0.90 0.81 2.27 0.T4 0.54 345 2.14  4.7%
4.54  0.98 0.96 3.29 0.88 0.77 4.45 2.34  5.47
5.54 1.07 1.15 4.29 0.9% 0,99 5045 2.51 6.30
©.54 1.14 1,31 5.28 1.1¢ l.20 6.45 2.66 7.10
T54 1.2 1.46 £.29 1.17 1.37 T.4% 2.786 17.70
9.54 1.34 1.79 7.30 1.27 1.62 8.45 2.92 B.52
18.54 1.38 1.90 8,30 1.33 1.78 Y45 3.08 9.47
12.%7 1.48 2,20 9.50 1.40 1.96
14.75 1.63 2,67 16.29 1.4 2.0%
16.58 1.72 2.9% 11.50 1.55 2.40
1335 1.64 2.70
15.28 1.7T1 2.94
16‘65 1006 ,a",
17.50 1.86 3.46
19.32 1.94 3.78
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ab 1.
Comparison of Experimental and Theoretisal Results. T = 20%. 5 = 76.0 98
——
Gas Ds {exp) nx {cal) % urror
CBy 0.224 0.223 + Dd
¢ H, 0.165 0.166 - 0.6
#
(0.163)
c Ge154 00151 + 2
256 ®
(0.145)
¢, 8 0.116 0.117 =l
1500 Ko 0.0939 - -
Body, 00950 » L
_ (0.0960)
180<C Ky o L 0.0913 - 0.0904 +1
{0.0908)
2 8, 0.,0793 i "
"‘“5‘12 0.0797 0.0679 «10.3
150-C el ) 0.0778 - o
x Velues obtained by Boyd et al (226)
%mornim-ul.} x 100 '
Exp
Teble 42 (Figure 50)
interaclsaulsr Foroe Paraseters
cas . < (&) € /x(og) Wz
N, 28,02 3,681 91.5
CH, 16.04 3.822 137 0.25%0
Gl 28.05 4.232 205 0.189
“Je 50,07 4.418 230 0.182
¢4l 44.09 5.061 254 0.151
150=C H, o 58,12 5.341 2313 0.131
72.15 54769 345 0,118
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v. Conclusion

The arrested elution technique provides a rapid, precise method
of determining diffusion coefficients. Its applicability to higher

molecular weight compounde has still to be investigated.
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CHAPTER 1II

THE MEASURBMENT AND INTERPRETATION OF ]

I. Introduction

i, The Measurement of ¥

Although it is generally asgreed that the tortuosity of a packed bed
is given by (Le/L)? where le and L are the tortuous snd straight path lengths,
respectively, there is a considerable difference of opinion on the value to
be accepted for this factor. While Bartell and Osterhof (269) adopted
(I.e/I.)2 = T /2 = 1,57 the vatio between diasmeter and semi-circumference of
a circle, Carmen (270), frou the motion of a coloured streamline through a
bed of large glass spheres, found that it appeared to adopt an average angle
8 of 45° to the direction of flow and hence used Le/L = 1/cos 45° =\/Z =1.41
Fowler and Hertel (271) pointed out that © cannot have a constant value but
varies from point to point along the path., The correct average for (Lo/L)z
should be (canG)w‘ taken over all values of €, but the distribution of ©
cannot be determineds By their method every streamline followed a course
parallel to the surface nearest to it and from the diagram (Figure 51)6 = 90-g,
4 being the angle between the normal to the surface of a solid particle and the
direction of flow. Thus (cml2 6)”‘ = (ain2 #)av. This gives a tortuosity
value of 1.5 for a bed of spheres, but the relationship between 8 and 4 is a
doubtful one, Thus a theoretical treatment is extremely difficult and the
above approaches have ignored intra-particle porosity.

In the van Deemter equation B =2 ¥ Dg where & is the so-called 'tortuosity
factor'. Barly workers with packed columns and an elution method (50, 56,
129, 130, 137-8, 146) determined ¥ from the simplified ven Deemter equation,
but for more precise data the extenced rate equation ghould be used. By
working with unsorbed solutes at very low velocities of the order of 1 cm/sec,
the gas phase mas= transfer contribution may be iznored and § Dg may be deter-
tmined directly from a plot of H/1 7 (121, 134), More generally ¥ Dg can be
found by calculation (122, 129, 140), by obtaining the best fit between the
experimental data and the HETP equation. ¥ is then obtained by assuming a
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theoretical value of Dg. The results tend to fall into 2 groups. While
Iittlewood (130) and Kieselbach (133) found ¥ to lie between 0.5 and 0.65,
Gluecksuf (136) and Purnell et al. (129) found & to lie between 0.8 and 1.
This disagreement may be attributed to uncertainties in the HETP equation
and experimental method at low flow rates and to the inaccuracy of diffusion
coefficient data.

ii. The Flectrophoretic Approach to &

d hse beén interpreted ss a correction on the appropriate velocity to be
used (134) or as a correction factor modifying the diffusion coefficient (183).
This term "tortuosity” was first criticised by Berrer (272) who suggested the
name 'Structure Factor' was more appropriate since 6 is undoubtedly a function
of support structure. FHowever no atlempt was made to predict the magnitude
of ¥ or its relationship to structure,

In the field of electrophoresis two concepts have been proposed to account
for the hindrance of ilonic migration in the network of semi-permeable obstruc-
stions., The 'barrier' theory of McDonsld (273) considered the supporting
medium to be composed of randomly distributed obstructions which slow the
migrant by collision or by mechanical restriction of the free pathways., The
'tortuous path’' concept of Kurkel and Tiselius (274~5) predicted a lowered
mobility because of the increased path length around fibres and the decreased
electric field strength scting along this path. The paper was represented by
a bundle of tortuous cepillary channels each of uniform cross-section and the
ratio.of the observed to free solution mobility was given by ( 1/1')2 where 1'
was the effective length of the tortuous path and 1 the length of the direct
straight-line path__.

The erratically changing size of the migration channel and the attendant
difficulty in diffusion through a constriction have been shown by Owen (276)
and especially by Boyack and Giddings (277-279) to contribute a 'constriction
factor' C approximately equal in importance to the tortuosity factor T. Giddings
(108) suggested that this approach should be applicable to & which, by analogy
to electmghoresia. should be called the 'obstructive' factor and should be given
by 8 = CT -,
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iii, The Aim of the Research

We have tried to give a more precise interpretation of ¥ by showing
that the electrophoretic approach does indeed provide a theoretical found-
sation to the heretofore empirical parameter. The arrested elution method
was used as this bypasses most of the experimental difficulties associated
with continuous elution methods based upon HETP measurements and it is of
intrinsically higher precision.

II. The Interpretation of &

The longitudinal diffusion of solute is best envisaged by assuming all
flow has ceased:s According to Boyack and Giddings, diffusion through static
gas will be hindered (1) by the tortuosity which prevents diffusion of mole-
icules along the shortest, most direct path and (2) by channel constrictions
vhich create 'bottlenecks' at random points. These are illustrated in

Figure 52.

i. [Theory of Tortuosity

As before the diffusion profile of a solute spike is given by 612 =20t
with D the apparent diffusion coefficient a.nd'éx the spread along the axis
of the column. Due to tortuosity, the diffusion path is 1T/1 = T times
longer than the axial path where T is the tortuosity. The actual displace-
ment is thus T  instesd of 6 giving (-réx)z = 2D t vhere Dg is the moleo-
rular diffusion coefficient, Taus /D, = i

ii, Theory of Constriction -

By Fick's first law the solute flux J . through a cross-section of a
constricted but straight channel is J = -ng (dc/dz)A where A, the channel
cross-section is variable due to the comstrictions. Thus de/ds =-J o/D ga
and integration over the length 1 of the channel gives

Ac=-(3 /) [t a/n / ~(3/0) (T7h )1 where /\ ¢ is
the concentration differemce over the length 1. In the steady state the
psame flux must pass each cross-section along the segment, i.e.J o is constant.
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If D ie the effective diffusion coefficient and A the mean cross-sectional

Je = - D(Ac/l) i

e « Ac== (Je/p) (1/E1

* .D/Dg= ¥ =1/% (/2 )=c
Then, by Boyack and Giddings, & = CT°2
In reality there are no channels with clearly defined walls in a S-dimensional
packed structure and with porous materials there is the posaibility of intra-
particle diffusion sc that if the above theory is to be tested simple regular
models must be devised and s0 we investigated models based on spheres of egual

size.

ares,

iii, Models used in the Calculation of &

Boyack and Giddings npp}igd this theory to a variety of particle types.
The model they considered for spheres of equal size is showm in Pigure 53a,
viz. a regular srray of spheres in cubical boxes, each box eontsining a single
sphere. When the spheres are touching this srrangement has a minimum porosity
of 0,477 compared with the accepted values of 0,26 for closest packing and 0.338
for random pecking of spheres and this model is probably too 'open' for most
closely packed structures, For this resson we studied the model shown in
Figure 53b containing a single row of touching spheres of radius r in a round
tube of radius R, This arrangement shows a minimum porosity of 0.33% when
r = R in which configuration however the model is impervioue to gas. Although
this model deviates from the real situation it can nevertheless be used to test
predictions quantitatively since it can be precisely constructed. The last
model to be considered is shown in Figure 53%c. With % or 6 hemispheres arrang-
sed around the cemtral row in a porosity range 0.75 to 0.45 a reasonable
approximation to a randomly packed bed is obtained.

I1I., The Calculation of T and C

The basic premise of the method used by Boyack and Giddings was that the
porous medium and an average cell having the ssme void fraction and containing
a gingle particle behave approximately the same., This was justified by the
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independence of C and T on a particle size for a constant porosity. In the
model ¢ and T are independent of the position of the particle within the cell
thus allowing for a certain degree of randomness., The particle is still
restricted to the volume within the cell boundaries and the realistic structure
is extremely difficult to treat.

Tortuosity: The model used by Giddings and Boyack is shown in Figure 54.
Those lines which pass through the area Az proceed straight across the cell,
Any path which intercepts the A, plane which is the axial projection of the
particle profile on the wall of the box, proceeds straight to the surface of
the particle and thean follows the shortest route on the particle surface
around to its original trajectory. It then follows this straight line through
to the opposite face., The tortuosity ia then the length of theae lines aver-
taged over the whole cell, This procedure overestimates the length of the
lines originating inside A1 since curvature actually begins long before the
particle is resched, and underestimates the length of lines originating within
Az since such pathe are never straight with the result that the errors tend to
cancel out and the spproximation probably gives quite a good measure of T. The
tortuosity is found to have the same functional form for every shape of particle
and is given by T =1 + a & where 9 is the occupancy of the medium (6 = 1 =€)
and a is a constant for any given particle type.

In a random packing all the paths are more or less tortuous and the factor
0.178 is almost certainly too small. In model (Figure 55) representing close-
packed spheres through wh.'q.qh there are no straight paths, the shortest and
longest paths as shown have tortuosities of 1.19 and 1.37 respectively. Assum-
dng a linear relationship between tortuosity and occupancy which for this
arrangement is 0,74, the equations for the two extreme cases are T = 1 + 0,26 6
and T =1 + 0,45 6, The equation T = 1 + 0,33 © was arbitrarily selected.

1 -1
Constriction: C=1 [‘i /0 dx/.!x—|

where A iz the mean cross-sectional ares of the column and AL is a variable
cross-section,

Giddings has plotited the various obstructive factors against porosity and
his graphs are shown in Figure 56 along with the data for models 53%B and 53C.
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In model 53B the unoccupied cross-sectional area, a distance x from
the centre of any sphere in the central row, is
A = TI'(RE- yz) = 'IT(Rz- r° x°) , and the mean area

is i =Ta% 2:-2/3 ) 4 Inserting this value  in the
above equation for C and integrating from O to r gives
Jpt=1

(0% 2/3)tan”! 2 -1
where p = R/r. The values of C, T ] and (,‘1"'2 for various values of o are
shown in Figure 57; values as a function of porosity are shown in Figure 56.

For model 53C with n hemispheres around the central row, the free cross-
-gectional area, a distance x from sny point of contact on the axis, and the

average area are, respectively,

A =TT E{z - n/2-r2 +1/2:(n + 2) 5° *m]

i -TTElz-i,/'j-(n-rz) rz_J

For 5 and 6 beads around the central row the integrated expressions for C are
respectively,

_7_% v - 39/14 (2/n® 2.5 (2/7)% o

arctan arctan

A ici s i = i
Vp2-39/14 VP2 Z39/14

2 - 13/4 '
mc_g{ﬂ 1

. P . TR
i Y02 - 13/4 /0% <1

For porosities above 0.%6 there is little to choose between the calculated
values. For & = 0.38 the predicted value of & is 0.63.

Iv. ental

The experimental procedure was the same as that used in the determination
of diffusion coefficients with the capillary column replaced by a packed column
with end connections as before (Figure 16). Packings used were glass beads,
firebrick (Molar Products, Colchester, Fosalsil No.6 ) and Celite (Gas Chroma -
stography Limited), For model 2B experiments steel ball bearings snd polyvinyl-

sohloride Bos s, YOTe used.
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The volume of the emply tubes were determined by filling with mercury
or water and weighing the liquid. The total porosities of the packed
columns were determined with a Toepler pump using ethylene and nitrogem.
Identical values of € with the 2 gases were taken to indicate absence of
residual adsorption.

i. Deactivation of the Support

With celite and firebrick it was necessery to eliminste adsorption by
the support. There appear to be at least two different types of amctive
sites on the surface of the support. Ome type is acidic and may be caused
by mineral impurities (Si - OH); the other may involve hydrogen-bonding
(si - 0~ 51) (280 - 286), The two basic approacheS in deactivation are to
remove the active sites by washing with acid (286 - 283) or by resction with
the silanol group, or to cover them by coating the support with a liquid or
solid (290 - 292).
Reaction with the Silanol Group: Deactivation with dimethyldichlorosilane
(DMDCS) has been used with varying degrees of success by several workers,
(291, 293, 294). Pollowing Holmes and Stack (295) I used the DMDCS in toluene
solution and weshed with methanol, Bohemen et el. (29) suggest the following
mechanism for the reaction:

/55-5
orl oH o/ “‘“
] " l'
-s§-0-3§ +(ca3)2-31012 & -—S:}-— °'5§“ + 2HC1
surface surface

Two adjacent OH groups are recuired before the reaction goes to completion,
With a single OH group the following reaction might proceed:

iy
oy
o8 0
) ]
-si-o- Si-+(CE13)-S.tCl2 §1-o- ?1- + HC1
snrface surface

However the Si - C1 group can hydrolyse to zive Si - OH again. Both reactions
probably proceed simultaneously. The HC1l is removed by the methanol wash.
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Bohemen et al. also reported the use of hexamethyldisilazone (HMPS). The

reaction is:

oH il CH, CH,
L] L} ] L ]
- 5';1 - = §1 - (0113)3 -5 - NH - 51(0%)ch3zi-cn 3 cas—zi-cn,}

-8 -0 = si : NH3
L L

Mny residual adsorption is them removed by the addition of 0.1 percent by
weight of polyethylsne glycol 400, While treated celite is fairly inert
Pervett and Purnell (286) found that HMDS-treated firebrick was comparable to
the untreated vhite celite (296, 297). 1In this case the treatment with DMDCS
proved to be entirely satisfactory from retention time measurements and the
perfect peak symmetry. A small quantity of firebrick was also treated with
20% w/w of urees formaldehyde resin polymerized in situ.

V. Resulte and Discussion

i. Calculation of Results

¥here diffusion is hindered by obstructing but non~sorbing material,
the rate of band spreading is given by the aquati.on as 2/dt =293 Dg and as
before ad 2/d‘!s =28 Dg/u i 'I‘hus & plot of 6' egainat delay gives a
straight line of gradient 2 ¥ D g/u s the mtercept at zero delay representing
the varisnce introduced by the standard procedure. This plot gives the apparent
diffusion coefficient from which ¥ can be obtained knowing D L (real) from empty
tube studies. Tn all these experiments the pressure drop was sufficiently small
to ensure that the gas velocity had reached its stationary value before the peak
was eluted.

ii. Results

The data for the glass bead, firebrick and celite columms are given in
Tables 43-45, Figures 58 and 59. The data and experimental parameters for

the model 53B experiments are given in Tables 46-48, Figures 57 and 60+ The
plots are very reproducible and the error in ¥ is about 2%. The value of

¥ = 0.60 ¥ 0,02 for 2 sizes of beads in different dismeter columns agrees with
the value obtained from the HETP measurements on air peaks in glass bead
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columns, The § values for firebrick and celite were 0,46 ¥ 0.01 and 0,74 +
0,02 respectively. These are in remsonable agreement with published data

(123, 124, 130, 133, 134, 138, 140, 298). Bohemen and Purnell (134) have
suggested that & is approximately unity when the carrier gas velocity com-
sputed ae the ratio of the volume flow rate to the inter-particle cross-sectional
area is used instead of the velocity of an unretained compoment. Sternberg and
Peulson (155), however, have pointed out that if the best overall curve is drawn
the results for non-sorbed pegks on glass bead and chromogorb columns no longer
support this theory. Berge and Pretorius (299) have also criticised Bohemen
and Purnell. They obtained a value of & of 0.6 by replacing the apparent
inter-particle pore velocity by the effective linear velocity. Sternberg and
Poulgon found average values of 0,74 and 0.63 for glass besds and chromosorb
respectively. Kieselbach's data 2lso differs in that he finds essentially

"identical B values for beads and chromosorb and this is difficult to(exp§ain.
; 145).

iii, Discussion of Results

1, Non-Porous Glass Beads: The value of & for glass beads (Figure 58,
'fable 43) is shown in Figure 56 along with the theoretical curves for the model
53C. The agreement is surprisingly good since the value for the tortuosity
was arbitrarily selected and shows that both constriction and tortuosity effects
must be considered in the evaluation of § . The constriction effect is
particularly evident in the studies on model 53B. The & values (Figure 60,
Tables 46-43) sre plotted in Figure 57 and here the sgreement between theory
and practice is excellent and the difference im ¥ for different p  values
may be attributed almost entirely to the constriction effect. While the claims
of Boyack end Giddings appear to have been verified for non-porous supports,
the celite and firebrick results require a closer examination in order to explain
the substantial difference in & .

2. Comparison of Celite and Firebrick: Celite is made by celecining diatom—
saceous eavrth above 9000° in the presence of Na2003 as fluxing agent when the
finer particles are fused into coarser aggregates and the iron oxide is converted
to a colourless sodium iron silicste. [Firebrick is made by first calecining
diatomite without using fluxing agent to form an agzregate and then mixing it
with clay and firing it to make brick. Again part of the silica becomes
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Table Fi

e H8

Column I Column II Column III
Length om 152 152 79
da ma 5T 3.0 6.4
d mm 0.50 0.50 0.275
AP onm 2.8 3.3 2.5
fl 0.981 0.978 0.983
“0 4.9 T.4 2.4
& 0.38 0.38 0.38
§D, 0.202 0.096 0.102
¥ 0.62 0.58 0.62
Coluan I Column II Column III
Residence Residence Residence
e(mins) W 52 Time(mins) W Wl Time(mins) W Wl
0.53 1.65 2.74 0.36 0.83 0.69 0.56 2.79 T7.78
1.28 2,36 5.55 1.20 1.34 1.79 1.32 4.2 17.7
2.28 3.05 9.30 2,20 1.73 2.98 2.32 5.65 31.8
3430 3.60 12.95 3.20 2.17 4.70 3.32 6.95 48.3
4.28 3.88 15.1 4.20 2.41 5.80 4.32 T.9 62.5
5.28 4.1T 17.3 5.20 2.6 7.15 532 8.80 T7.3
6.28 4.68 21.9 €.20 2,96 8.80 6.32 9.34 87.0
T.28 5.07 25.6 T.20 3.18 10.1 7.32 10.1 102
8.28 5.37 28.8 8.20 3.46 12,0 8.35 11.05 122
9.28 5.80 33.6 9.20 3.52 12.4 9.32 3T | N
10.30 6.13 37.5 10.20 3.80 14.4 5.00 8.3 69
11.28 6.35 40.3 12.27 4.26 18,8 6.66 9.85 97
12.30 6.57 43.0 8.00 10.8 117
14.28 T7:17 51.3 6.15 9.38 88
13.28 6.93 48.0
18.3 8.0 6.40
16.3 7.62 58.0
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Data for Firebrick Columns. T = 18°C. p = 75.0 om.

Column I Column II Column III

Length om, 79 79 79
d, mm, 6.4 6.4 6.4
Lo lhomt) 33.45  25.35 2535
A Pon 3.6 2.8 2.4
f1 0.977 0.982 0.984
u, 2.87 5.63 3.65
- 0.80 0.80 0.73
'ﬁnh 0.075 0.077 0.073
% 0.46 0.47 0.45
Pre- Silanised with 20% (w/w)Urea
Treatment Dichlerodimethylsilane Formaldehyde
Resin
Column I column II Column III
Residence W Hz Residenace W w2 Residence W H2
Time(mins) Time (mins) Time(mins)
0.47 2,22 4.93 0.37 1.89 3.57 0.37 1.89 3.56
1225 3,20 10.2 1.20 2,69 7.23 1.20 2.64 6.97
2.25 4.20 17.6 2,00 3.27 10.7 2,20 3.36 11.3
3.25 4.97T 24.7 2.22 3.50 12.25 3.20 3.99 15.9
4.25 5.62 31.5 2.50 3.66 13.4 4.20 4.42 19.5
5.25 6.35 40.2 3.00 4.02 16.1 5.20 4,98 24.8
6.25 7.18 51.5 3.22 4.21 17.7 6.20 5.46 29.8
T.29 7.52 56.5 3.50 4,12 17.0 T.20 5.80 33.5
8.25 7.96 63,3 4.20 4.55 20.7
1.75 3.84 14.7 4.00 4.52 20.3
2,75 4,70 22.0 4.50 4.76 22,7
575 5.35 28.6 5.00 4.98 24.8

5.20 5.30 28.0
6.20 5.48 30.0
6.56 5.72 32,7
7.00 5.92 35.0
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Table 45 (Figure 59)

Deta for Celite Columns,

Columns I and II were silanised with dichlorodimethylsilane and
hexane disalazane respecti = - a°c 2 15.0 om,

Column I Column II

Length om. 72 74
do Mmn. 506 5.7
" e 35-45 80-100
A pOm 5 .9 5. 2
f1 0.975 0.966
u, 3.46 1.80
€ 0.88 c.88
‘ﬁDg 04125 0.119
0.T6 0.72
Column I Celumn II
Residence W w2 Residence W w2
Pime (mins) Pime{mins )
0435 1.80 3.23 Cs70 4453 20.6
1.19 3.23  10.4 1.36 6.40 40.8
2.19 4.35 18.95 2.36 8.36 7040
3.19 530 28.0 5636 4,03 16.3
5019 6- 70 45-0 6.56 4.38 1901
7.19 T7.90 €2.3 1.80 Te45 555
1.66 3.74 14.0 2.86 9.37 87.7
8.19 8.80 T7.T 3.86 10.9 119.0
2.70 4.82 23,2 4.86 11.8 139.0
3.70 5.65 32.0 5.86 13.5% 182.0
4.70 6.27 39.3 3.36 9495 99.0

3.00 5.07 25.6 4.36 11.3 128.0
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Experimental Parameters for Heodel 535 g_ periments, T = 18 C, Po 15:0 om
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8

Column 1 2 3 4 5 6 7 8
Length om. 74 144 151 106 148 152 105 144
d, ma. 4.6 6,28  5.20 6.28 6.75 5.90 6.75  6.28
dp 5. 3.97T 5.9 4.87 5.55 5.90 4.87 5455 4.87
a o/’p 1.047 1.065 1.070 1.132 1.145 1.210 2.215 1.290
3 0e352 0.413  GedlT 0.479 0,491  0.557 0.552  0.598
APos 1.8 2.2 2.1 1.7 1.6 1.1 2.5 1.6
£ 0.988 0,985 0.985 0.989 0.989 0.993 0.983 0.983
w, 4420 5482  8.50 4,90 4.41  3.80  4.18  4.25
Kng 0.078 0.088 0.088 0,110 0.113 0.126 0.125 0.134
Y 0.48 0.54 0.54 0.67 0.69 0.77 0.77 0.82
Material * BB  #VC PVC EB PVC Glass BB Ve

%38 are steel ball bearings,
PVQ sre polyvinylehloride spheres of 24 diameter range.
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erystalline cristobalite and the mineral impurities form complex oxides or
silicates, It has been shown (300 - 303) that the pink and white forms
differ considerably with respect to surface area, surface activity, pore
volume and packing density. While the majority of the pores in firebrick
are between 0.4 and 2 microndiesmeter with an average of about 1 micron, celite
was found to have a wider pore size distribution with the average around 8 to
9 microns.

As a result of the difference in preparation, the firebrick in a relatively
dense mass of diatomite with a relatively small amount of internal wvoid space
consisting of amall pores which produce a high surface area. The particle is
relatively hard, Celite on the other hand consists of a lightly fused mass
with a very open structure of large internal void space. The particle is
relatively weak and friable. This difference in the structure of the supports
is reflected in the void space in the bed. A packed column of the uncoated
celite is approximately 90% void space, firebrick is approximately 807 void.
This difference in structure is illustrated in Figure 61.

3. Porous Supports: The values of & = 0,74 for celite and ¥ = 0.45
for firebrick cannot be explained on the basis of the models considered since
none of them predict such low values in the porosity range near 0.8 and although
the porosity of firebrick is about twice that of glass beads o is much lower.

Consider the situation if Dg within the particles was restricted and hence
mach lower than Dg in the free gas. The rate of spreading would then be given
by dd'ta/dt =280/ (1 + k)u°2 and & ' (measured) =¥ / (1 + k). Since k
would be approximetely unity for firebrick or celite & = 0,3, much lower than
the values found. Since the microstructure has many pores og dimensions
grester than the gas mean free path at normal pressures (600 A in !lz), the
diffusion coefficient within the porous particles should not differ from that
outside and hence the above reasoning might be expected to be unsound.

It is interesting to consider two of the other models treated by Giddings
and Boyack, namely cubes and fibres. If the particle is cubic both C and T
depend upon the orientation of the particle. The two extreme vases (a) with
the edge of the cube and (b) the diagonal of a face, parallel to the direction
of the field were considered. In each case the C factor was within 37 agree-
:ment of the value for spheres for the same 6 wvalue, showing that the
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treatment holds for particles of any simple geometry. The calculated
tortuosities were (a) T=1 + 0,339 and (b) T =1 + 0,357 8 and § = 0,55
at a porosity of 0.4. This reduced value was explained as a possible
consequence of the fact that the abrupt changes in direction on a cubical
surface depart significantly from the actual lines of force which change
more continuously. If this is so0, the same effect would be obaserved with
any particles exhibiting sharp sngles, e.g. firebrick,

For fibres, represented by an array of long cylinders with axes per-
:pendicular to the direction of the impressed field ¥ was 0.35 for a
porosity of O.4. This significantly lower value was difficult to explain,

smith (303) recently geve a paper on large-scale columns in which
celite snd firebrick were critieally compared. ™At a macroscopic level
the column space in a packed column may be considered as o statistically
distributed network of tubular pathways (inclined o the column axis at an
angle = © ) with sets enclosing the average particles.” It then follows
that § = cos. 9, 3& = sin @ vhere 8, is the radisl contribution. Only
tortuosity i=s considered. Tan € is the radial: axisl space anisotropy
ratio of the packing and from this model is given by tan & n/_Té__i

¥

In a perfectly isotropic packing tan © = 1 whence & = 0,707 which is close
%o both his and my value. TFrom the description of its properties firebrick
is anisotropic and tan 6 is large.
Comparison of two of the columns in Smith's paper, namely 1500 x 25/31’/&'/32

and 1500 x 25/S/1/%,, gives & (firebrick) = 0,36 and 0.49 respectively,
assuming & {celite) = 0,71, Thus the difference between firebrick and
celite might well be explained on the basis of anisotropy. The observed 6
values are still rather high, hovever, and it may therefore be necessary to
consider also the tortuosity in both inter- and intre-particle channels.
Boyack and Giddings (304) have since derived a 'retardation factor' which is
meant to account for a similar phenomenon in paper electrophoresis but as yet
thies has not been transferred to gas chromatography.

De Ford et al. (188) found that the B coefficient tended to decrease with
liquid loading. If the interparticle porosity was the controlling factor
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this and thus B would increase with incressed liguid loading. De Ford
concluded that diffusion both around snd through the particles must be
considered, Increased liguid loading wonld then decrease the diffusion
through the particles and this would decrease the B term as observed,
Mother approach is to try to eliminate the additional tortuosity due
to the particle structure, From Figure 62 the overall tortuosity might be
increased to T = Tef (1-1) + 'I‘ili".] /1 where T_ is the tortuosity of

snooth pathe through the bed, T1 the tortuosity of the paths within the
particles, 1i the length of that part of a smooth path which passes through
the particles {broken line) end 1 is the total length of a path es shown.
lssuming interstitial and total porosities of 0,4 and 0.8 respectively, the
porosity of the particles themselves is about 0.6 and Ti = 1.11. Assuming
60% of the total length of s diffusion path is through the particles and

407 outside, then T = 1,20 x 1,07 = 1.28 and if the constriction is unaltered
¥ = 0.,55. Thus the net effect of the particles being porous is to reduce
¥ by about 15%.

The values of ¥ = 0,46 snd ¥ 0.74 for firebrick and celite may thus
be explained: [Firebrick is a hard, relatively compact mass characterised
by very fine narrow pores tending %o favour inter- to intra-particle diffusion.
it is friseble and jagged with sharp angles leading to anisotropy. The diffusion
paths through the bed will thus tend to be inclined at a considerable angle to
the axial direction. Celite, on the other hand, is a very open structure with
wide uncbstructing pores so that both intre- and inter—particle diffusion can
teke place with the minimmm of deflection from the axisl direction.

Since ¥ is essentially a structural constant it should be independent of
the mobile phase. (Giddings hﬁa suggested that there is very likely a slight
velocity dependence to ¥ . VWhen the reduced velocity Y exceeds unity (such
that flow displacement exceeds diffusive displacement over a distance dp) the
constriction effect is probably reduced in importence by virtue of the fact
that solute is carried directly through the constrictions by the flow stream.
It is difficult to say how the tortuosity would change. The theory of ¥ 's
velocity dependence has not besn worked out yet and at present the velocity
effect is assumed negligible.
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iv.  Conclusion

The foregoing work has demonstated that ¥ can be accurately
and simply measured and that both tortuosity and constriction effects
mst be considered in defining ¥ . So far the theory has been
worked out only for simple regular models and more information is
required before & can be theoretically estimated for the complex
gtructures characteristic of the popular support materials used in gas

chromatography.



SECTION III

SOME NOTES ON THE COATING OF CAPILLARY COLUMNS AND THE

PROPERTIES OF THE PHOTO - ITONISATION DETECTOR

(The work described in this section was carried out at Bruce Peebles
Limited, Bdinburgh, and permission has been obtained to reproduce it
here)
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CHAPTER I

THE PREPARATION OF CAPILLARY COLUMNS

I. Introduction

From the results of investigations on nylon capillary columns
(87, 305) it became apparent that there were two possible applications
for the capillary system. The columns could be used to produce very
high efficiencies .with elution times of 10-60 minutes, or the high
efficiencies could be sacrificed and chromatograms developed in a
matter of seconds, with moderate efficiencies of perhaps 5000 or 10,000
plates. Under these conditions it was found that a chromatogram of a
mixture boiling over a range of about 100 degrees centigrade could be
developed in 60 seconds, the early peaks being eluted during a period
of about a second. A high-speed recording system with time constants
of the order of milliseconds would then be reguired., Such performance
cannot be achieved by the normal potentiometric recorder, and the oscillo-
:scope or the high speed photographic galvanometric recorder are the only
attractive methods of presenting the chromatogram.

These ideas led the Hlectronics Division of Bruce Peebles Limited to
design and produce a gas chromatograph, the 'C-Scope', which could be used
for high speed repetitive analysis. The chromatograph employed an argon
detector (166, 180, 184, 318 - 323) and a capillary column, the chromato-
:gram being displayed on a high persistence cathode ray tube (306-7).

An automatic trigger signal started the analysis by activating both
the injector and the time base of the CRT. After a sufficient time for
elution of the sample (0.1 - 10 sec) the time base was reset and another
sample injected automatically., The frequency of injection could be
varied and the timing of CRT sweep could be altered by varying the sweep
speed and the delay between injection and the start of the sweep. 1In this
way any peak or part of the chromatogram could be expanded and displayed.
One of the purely chromatographic problems was the production of reproduc-
tible columns of high efficiency.
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II. The Coating Procedure

The loading of capillary columns is critical with respect to thick-
:ness and uniformity of coating. An excess of stationary phase demages
efficiency through an increase in Cl while a defieit tends to be removed
by repeating sample overloading, Uneven distribution on the wall, caused
by surface irregularity or poor wetting properties also leads to poor per-
:formence (308),

In practice reliasble, reproducible and efficient columms are difficult
to prepare and the coating procedure has been the subject of much controversy
both in our department and elsewhere, Materials used include stainless
steel (63), nylon (87), copper (310) and glass (73). Several coating pro-
scedures have been sugzested (63, 72-74, 87, 309-312).

1. The column is completely filled with a 10% solution of the liquid phase
in a suitable solvent by applying pressure at the front end of a small tube
connected to the capillary and containing aebout 5 ml of the solution. After
the solution is blown through the column the wolatile solvent evaporates
leaving a thin coating of liguid phase.

2., The capillary filled with a dilute solution of the oil is passed through
a heated oven and the solvent is vaporised directly as it passes through the
heated region.

3. The column is about one-third filled with the solution and the slug is
passed down at a slow rate which has been shown to be critieal.

Desty et al, (309) and Kreyenbuhl (313) developed a machine for making
Zlass capillaries by drawing down heat-softened wider bore tubing. Although
Averill (314) clsims that mon-polar liquid phases will only stick to glass if
an additive of the proper type is added, Desty et al. appear to have experi-
senced no difficulty in coating by method (3) for any flow rate of solution
though they have only been concerned with non-polsr liguid phsses. Several
workers have tried to roughen the inside of glass columns to decrease the
contact angle (315).

It seems that there is quite & variation in the metal in any one batech
and in the batches from different suppliers. The only way to check a column
is to coat it and test it ! A general complaint is the difficulty in coating
with polar stationary phases so as to obtain symmetrical peaks for polar solutes.
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Stainless steel and copper are the favourite metals on account of their
strength and excellent heat-trensfer properties, though the oxidation of
copper at high temperatures limits its usefulness. Smith (316) noticed
that many metal capillaries as received from the manufacturers showed
resolving power before any coating process probably due to a lining of
lubricant used in the drawing procees. On removing this layer severe
tailing of polar solutes resulted. Perkin-Elmer found that copper cap-
tillaries lined with silicone rubber before coating coupled higher effic-
tiencies with & longer lifetime but this is open to gquestion.

Nylon columns are cheap and thus good to experiment with., However
most organic materials either soften the nylon or resct with it and it
cannot be used above 100°C, Method (3) was used and methylene blue was
sdded to the 10% solution of dinonylphthalate or squelane in chloroform
as & check on the uniformity of the liguid film. The uniformity of the
film was most affected by the velocity at which the coating solution waa
passed through the colum and in agreement with Scott and Hazeldean (246)
the eritical rate for maximum column efficiency was found to be 2-5 mm
per second. In order to reduce the tendency for droplet formation which
leads to a patchy, uneven coating, the spool on which the nylon eapillary
was wound was fixed to a vibrating motor. [Lengths of nylon were attached
before and after column to keep the flow in the latter as steady as possible.
Miller (317) used an electrolytic cell to generate a constant flow of gas.
By our method, a 20)1‘1: length of 10 thou. nylon tubing coated with squalane
(107 solution in chloroform) gave, for cyclohexane, a maximum number of
plates of 8656 at a linear velocity of about 10 cm per second (Hmin 0.7 mm).
This column resolved seven components in BDH n-heptane. All my successful
columns deteriorated on lying unused for several months,

I had no success in the many attempts to coat the metal capillaries
made of cupro-nickel (Negretti and Zembra) and copper even with a non-polar
liguid phase. During 1964 1 visited the fcole Polytechmique in Paris at
the invitation of Dr, Guiochon., There 'adame Lendault and other had success—
:1fully coated thin-walled copper using the method recommended by Perkin-Flmer -
method (1) (Figure 63). About 5 ml of solution (10% ligquid phese in methylene
chloride) was forced through the column under pressure at a slow bubbling rate
geen in the pure solvent in the beaker. After it had blown out the column was
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put into an oven and the temperature raised slowly, still with a slow flow
rate of gas, This usually produced an efficient columm. The column was
regenerated by attaching it to the apparatus and washing with methylene
chloride, followed by methyl alcohol to remove the methylene chloride, and
water to remove the alcohol. The column was then cleaned with 207 nitric
acid to remove the scales, followed by water, methyl alcohol and finally
methylene chloride. Following Averill (314) 0.1% Alkaterge T was added to
the solution as a surface-active agent to facilitate the wetting process.
Although there is the chance that surface-active agents may be adsorbed on
the surface of the capillary and reduce the solid-liquid adhesion, Alkaterge
T seemed to be quite successful,

The two cupro-nickel capillaries which I took with me were coated with
squalane and polyethylene glycol by this method. While the squalane column
was first-class (about 100,000 plates for 50 feet of 20 thou. id.) the glycol
column was less good. On the first day after its preparation it gave about
twenty peaks for a sample of cognac but next day it had deteriorated to a mere
few hundred plates. This appeared to be & common occurrence for polar phases,
even on the thin-walled copper capillaries., Successful coating with a polar
liquid phase has, however, been reported (325).

ITI. Conclusion

Although from the literature metal can be coated with any kind of liquid
phase, I have only been succesaful with non-polar liquid phases,
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CHAPTER I1I

AN _INVESTIGATION OF A PHOTO-IONISATION DETECTOR

On behalf of Griffin and George Limited I was asked to investigate a
photo-ionisation detector. Smith of NRPRA (324) had already done some
work on the brass Griffin and George model and his results are compared with
mine.

I. Introduction

The ideal detector for gas chromatography is one which measures a
specific property of the eluted vapours and which gives virtually no signal
when the carrier gas alone paaaeé through it. Selective ionisation of eluted

vapours may be achieved by meém of high energy photons.

The properties of & gas discharge are determined %o 3 large extent by the
nature of the gas present. In the photo-ionisation detector first described
by Lovelock (326) a suitable gas (le, A or HZ) enters the ionisation chamber
through a hollow anode at a pressure of 5-10 mm Hg, A glow discharge is pro-
sduced between the anode and a heavy ring cathode by means of high voltage.
Photons of high energy arise in the discharge when excited atoms return to the
unexcited condition or some intermediate level. The quantum of energy given
up in the transition appears as a pulse of energy radiated on a wavelength
sppropriate to that perticular guantum. The various possible transitions
give the line spectrum which is characteriastic of the particular gas.

The breakdown voltage (vi) of a gap is that at which a self-sustaining
discharge takes place. For a particular gas it varies with the pressure (p),
and the electrode spacing (d) end is a function of the product p.d. (Pigure 64).
Some breamkdown voltages, with associated wavelengths, are given below (Table (1)).

Table (i

N

Gas He A H H 2

2

v, 24,5 15,7 13.5 15.4  15.8
Ay 506 790 915 905 T84
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The energy of the radiation gquantum hV =V,
Since )\:% (i = 10“8 cm, ¢ =% x 1010 om/sec),
AV=3210"C h (b= 4,13 x 1071 eloctron volt see)
= 12,393 ( V is in electron volts)
Hence for ionisation N\, < 12,.39«9/1.ri

Typical ionisation potentials are given in Table (ii).

Table (ii

Typical Ionisation Potentials (I.F.)

Substance I.P. ev o8
Cyclohexane . 9e2

Benzene 9.5 1290
Ethyl Acetate 10,0

n-llexane 10.6 1170
Ethanol 10.6

HMethanol . 10.9

Water 12.8 967
Uxygen 13.6

Methane 13.2

Carbon Dioxide 14.4

Hitrogen 15.5

The photons not gbsorbed br the carrier gas pass down the tube and
can ionise any eluted vapour which enters from the column through a hollow
electrode at the opposite end of the ionisation chaﬁbar. The rate of photo-
ionisation is determined by applying a potential of ahout 100 v between the
inlet tube from the column and a cylindrical anode. Also photons falling
on a surface may give rise to photo-electric emission.

Various gaseous components are ionised by electromagnetic radiation of
different enevgies thus making it possible to ionise preferentially one

component in a gasecus mixture in the presence of amother componemt when the
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two componente have different ionisation potentials, Selective filters
could be used for isolation of particular bands of radiation. Thus (327)

I’iF tranamits from 0,105 to 6 u

Sr!' ” to 11 au
Ca Fz 5 from 0,125 to 9 u
Fused Silica " " 0.19 to 3.5 u

i,  Ionisation by Radiation

The reaction of ionisation by radiation may be written as N --9'!@%- oe.
A plot of current against voltagze in an ionisation chamber is shown in
Pigure 65. Tn (A) the megnitude of the current is determined by the con~
:centration of charged particles and their speed of drift. At very small
ion concentrations the speed of drift is proportional to the applied voltage
and the gas obeys Ohm's Law. As the applied voltage and therefore ion current
increases (B) the removal of ions by drift to the electrodes augments the
removal of ions by other processes, so that the steady-state concentration of
ions begins to fall. This causes the current to lag behind the Ohm's Lew
prediction, At a sufficiently intense field every ion formed is removed by
conduction so that further increase in the applied voltage produces no further
increase in current. A saturation platesu (BC) is reached, At still greater
voltages, (D), electrons reach sufficiant speeds in the course of their drift
to ionise further molecules by collision and there is a2 sherp increase in
current. This eventuzlly leads to & spark discharge,

The steady-state ion concentration is a funetion of the intenaity of the
radiation. As thie is incressed the saturation region decreases while regions
A and B increase and rezion D remeins relatively steady. In a non-uniform
field different parts of the gas between the electrodes would operate on diff-
terent parts of the curve.

ii, The Photo-Ionisation Detector (P,I.D.)

The photo-ionisation detector was invented by Lovelock (326), It is
illustrated in Figure 66, The detector was claimed to be stable over long
periods and uninfluenced by contaminants. It was also insensitive to flow
rate and operating pressure. The detector wes highly sensitive and had a



141.
background current of 10-10 anp which might possibly be due to the photo-
electric emission of electrons from the surfaces of the measuring chamber,

In the presence of ionisable vapour a substantially linear response
to vepour concentration was observed up to a signal current of 10 amp.
The efficiency of ionisation of propane as a test substance was approx-
:imately 0.01 per cent. The response of the detector appsarad to be
unaffected by gross contamination of its surfaces with dirt or decompos-
sition products and was stable over long periods and on repeated operation.
It could probably be used for inert gases. Iovelock added that the design
should not be considered as finsl but simply served to illustrate the
potentialities of the methods, The Griffin and George Pesign of the P,I,D.

is illustrated in Figure 67.

iii, Smith's Investigation of the P,I.D.

Smith of NRPRA (324) using the Griffin and George model of the P,I.D.
found that 1, Peak inversion occurred above quite small sample sizes.

2. The detector was non-linear, A typical plot of detector
signal ageinst sample concentration, together with typical
‘peaks', is given in Figure 68.

3. There was no well-defined plateau in the output response/
collector voltage curve, This is essential to make detector
performance uncritical with respect to working conditions.
This is illustrated in Figure 69.

Dr, Suith argued that the exhaust from the detector was close enough to
the discharge and ionisation regions to make it probable that at least a
proportion of the ions produced away from the immediate vicinity of the collector
electrodes will be swept out of the unit, making a stable equilibrium insensitive
to pumping rate, difficult to achieve. He also felt that there must necess-
:arily be some absorption of the photons before they reach the collector
electrode region. Thia would again explain the apparently low sensitivity,
non-Linearity and poor dynamic range.

With these points in mind Smith modified the geometry of the P,I.D. to the
form shown in Figure 70. From work on this revised design Smith has shown a
good plateau, less severe peak distortion with no peak inversion and improved
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linearity. He also found that the background current was considerable.
This was shown to be almost entirely due to photo-ionisation of the carrier
gas by inserting a filter which would remove any ions produced by the discharge.
Using a Ca F, plate (this transmits above 1250 A) paraffins could no longer be
detected, branched hydrocarbons gave only a faint signzsl, vhile benzenoid
compounds could be detected at about a hundredth of the sensitivity level
without Ca F,. Using Li F as a filter (this transmits up to 1050 A) they
found full detector response to chemically almost everything, Thus photons
with wavelengths between 1050 and 1250 A seem to be necessary for operation.
The actual value for the optical transmission of the plates had still to be
measured.

Unfortunately flat plates do not fit well into a circunlar chamber and the
rectangular geometry of the collector chamber allows spreading of the sample
into the corners of the detector with the production of badly-tailed peaks.

Changes in the arc discharge colour produce changes in the response of
the detector to s pentane-isopentane mixture, with the Ii F window in, This
does not occur with the Li F window removed., Significent ionisation thus
occurs by light not transmitted by the Li F window (i.e. wavelensthe less than
1050 A). _

At the moment Smith believes he has a detector with practically no back=-
sground current, good linearity (up to 25% by volume) but with slightly lowered
sensitivity, which does not make it so suitavle for capillary column work.

II. Experimental

A block diagram of the system is given in Figure 71 and the injector is
illustrated in Figure 72, The detector was evacuated with an oil pump to a
pressure of 5 mm Hg. The column was a 25 ft, length of 10 thou. nylon coated
with squalene. One end was drawn down slightly to be a tight fit in the
collector electrode and the junction was sealed with arsldite, The other end
of the nylon column rested in an atmosphere of carrier gas as illustrated in
Figure 72. When the relay operated the column end was moved rapidly down
through the annular chamber into an astmosphere of sample gas. The column was
therefore continually sucking either carrier or sample gas snd the sample size
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was proportional to the dwell time when the relay operated. The latter
could be varied from 100 to 600 milliseconds.

The rate of generation of photons and their energy distribution is
solely a function of the discharge current, for a fixed discharge voltage
and given carrier gas. For this design the discharge voltage was about
300 v Hydrogen was used as the discharge gas and nitrogen as the carrier.

1II. Results and Discussion

Butchison (328) varied the discharge current from 200 microamps to 1
milliamp. He found that while the background remsined almost comatant, the
gignal rose linearly snd steeply and then began to level off. Also as the
discharge current rose to 1 milliamp the diecharge became much larger and
diffused back into the discharge chamber. At the same time the cathode tip
and immer rim of the annulus sppeared to become hot and glow brightly, and
afterwards the ineide of the detector showed considerable signs of surface
deterioration. It was decided to work at 0.5 mA.

With the original design plots of background current (BC) against
collector volte (CV) cut the collector voltage axis at about + 20 v. These
are shown in Figure 72 for 3 values of the discharge current (iD).

The pattern was similar for each of the three detectors supplied for
different positions of the discharge electrode. The cleanest, shiniest
detector had a background current of 5 x 10-Bamp while the other two had a
background current about 5 x 10

The shape of the curves was explasined by & photo-electric effect, the
contribution to signal current due\to electron emission by the collector
electrodes being aided by a negative collector voltage and opposed by a
positive collector voltage. The energy of the photons must be in excess
of the work function of the collector electrodes material, which is of the
order of 5 ev to cause any photo-electric eflect contribution. Small flat
pieces of a selection of different metals were fixed between the collector
electrodes. The carrier gas inlet was blocked, and in all casea about
+ 40 collector volts were required to zero the background current. With
the collector electrodes alone, the voliage required was + 26V. It was
rather difficult to draw any conclusions from this since the work functions

enp at zero collector volts.
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of the metals used were all about 5 ev, but the constant increase of 14 volts
could indicate the energy of the particles striking the metal, It is pro-
:bably advantageous to keep the collector electrodes out of the direct beam of
photons to reduce photo-electric contribution to background current.

1t was noticed that with each injection of calor gas sample the shape of
the discharge changed. There was also a perceptible flicker on the discharge
current milliammeter. A partition shouldé be ingerted in the body of the
detector to keep the diacharge region quite separate from the collector elec~
strode region to reduce this apparent interaction.

The linearity of the detsctor was determined using a P.T.¥,HE, mixing
vessel and stirrer after lovelock (321). The sample was calor gss. Though
the mixing vessel was later found to mix very inefficiently, the experiment did
show that the detector was only about a hundredth as sensitive as the argon
detector under the same conditions. Thus my results were in sgreement with
Smith's work.

The next step was to investigzate the effect of progrescive changes in
detailed design to detector performance, at the same time trying to gain more
information sgbout the fundamental processes involved. JIonisation processes
are virtually instantaneous and the reponse time of a detector which is based
purely on ionisation processes is usually limited only by the detector volume
and the carrier ges flow rate, The finite band width of the associated elec~
s1trical detector and emplifier circuits can be ignored.

i. Modifications Made to the Design

Several modifications were made to the design.
1. Discharge fnd: With the original electrode (Figure 73a) any discharge
between the tube and the flat brass wall would be spread over an indeterminate
area and this would tend to make the dischsrgze irreproducible as well as of
lowered concentration. The modified electrode is shown in Figure T3b.

The spherical discharge was very pressure dependeant and at 5 mm pressure
it was also tongue-shaped as shown in Figure 73b. A possible mechanism for
this discharge is Hz..+ H+H~-3ev

H - H++ € - 13.5 ev
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The electrons produced will be largely attiracted to the positive electrode
leaving a concentration of positive ions as shown., Photons from the dis-~
icharge may then liberate electrons from W which will be attracted to the
positively charged ions. The recombination which takes place will be
accompanied by a& large emission of photons.

The final design of the discharge electrode ia shown in Figure T3c.
The discharge was now quite reproducible and much more concentrated than
before. The end-on view is also illustrated in Figure T3ec.

2., Collector Electrode Design: 4As a result of the design shown in Pigure
T4 peak tailing was greatly reduced.

Due to lack of workshop facilities no further modifications were made
and the final design is shown in Figure 75.

ii.Sumary of letector Performance

Even with the modifications described above, there waes atill interference
between the discharge and collector ends of the detector. The Li P filter
elininated this. Li ¥ transaits froam 1050 A upwards., This corresponds to
about 11,6 v 80 that permanent gases are not ionised. It should slso decrease
the sensitivity towards aliphatic hydrocarbons. The background current was
2x 10'9 anp with or without the Li F window. Without the Li F window double
peaks were obiained with calor gas, viz., ‘The initial sharp peak corresponded
to a flicker on the discharge curreat ammeter., The flicker disappeared with
reduced sample size., It could be explained by the initial surge of sample
entering the discharge and partly gquenching it. The rest of the sample would
then be ionised by a less intense discharge. If this interference could be
eliminated increased sinsitivity would result. [t was found that, with calor

&as, 1.8 2 10°° moles = 0,04 ml calor gas = 10-7mp.

With ILi F windowin 0,04 ml " * = 0.6 x 10"7 8mpe

The response increased with the discharge current andé was almost doubled at
1D = 0,9 mA, The response was noticeably less with purallel-plate collector
electrodes and these were ignored. The sensitivity also increased slightly
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with increasing collector voltage up to + 400 volts. VWith the argon
detector.
4 x 107° m propane gives a response of 2.5 x 10710 ,

1.0 4 x 1072 ml gives 2.5 x 10°° 4

Thus the P.I.D. is 1/25 as sensitive as the argon detector. lLovelock's
paper does not state sensitivity but he does say that the ionisation efficiency
of propene was 0,01%, The ionisation efficiency of the argon detector is 0.5%.
Thus the P.I.D. will never be aa good as the argon detector, even when it is
up to lovelock's standard. Our design appears to be better than Lovelock's
one. The curve of background current/collector volts slso now passes through
the origin, with or without the Li F window (Figure 76).

With a glass detector made to Lovelock's specification, the background
current was 2 x 10~ amp with argon and 5 x 10" amp with hydrogen as discharge
gas. Unfortunately the copper electrodes quickly blackened and the discharge
became very irreproducible. Double peaks were always obtained and the incom-
sing sample practically extinguished the discharge each time.

With hydrogen as discharge gas inert gases could not be detected and even
with helium as discharge gas nitrogen was barely detectable and the background
current wes increased to 4 x 107 amp., Also with helium as discharge gas the
detector noise was increased and sensitivity was reduced. The noise level vas
2 x 10" 1A,

The detector was linear down to 107! amp., This was done using the 'bubber
techmique. The miming vessel is shown in Figure 77 and the method is fully
described in the literature (329). On the assumption that the flame ionisation
detector response was linear, the linearity of the P.I.D. response was deter-
imined at the same flow rate of serubbing gas. Plots of log response/time were
straight lines of identical slope. :

The design could still be improved upon. Nicholls of Bruce Pesbles Limited
suggests a model of the form shown in Figure 78. The metal plates would be
standing at suitable voltages to mop up stray electrons from the discharge, etc.
thus ensuring that the detection mechanism was purely photo-ionisation and not
a mixture of photo-ionisation and ionisation by electron impact.
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Prof., Cragss (330) favoured the latter mechanism in Lovelock's design.

M S,

\ +
AT ———— =—————  Digcharge
A4 i iR 5T
Collector
Electrode

He thought that the standing current io would avalanche on the introduction
of sample. He msaid that the exact mechanism of the discharge was difficult
to predict as the conditions inside the detector were not known absolutely,
but at the working pressure of 5 to 10 mm Hg he preferred the excitation (low
pressure) mechanism to the radiation~recombination (high pressure) one, viz.
H' + e —>H + h), though both processes are probably going on simltan-
teously due to the high discharge voltsge involved. A spectrum of the dis-
scharge would help to clarify this.

He suggested experimenting with screens, etc., in a much simpler model
than the brass body as this was very restricting. He was not in favour of
a filter, such as lithium fluoride, as this was bound to reduce sensitivity.
He did not think that the electrode material was very important, though
platinum would probably be best because of its chemical inertness and relative-
sly high work function. He thought, however, that the dimensions and the
design might prove very critical for maximum sensitivity.

iii. Conclusion

My results do appear to agree with Smith's work., The detector has a
low background current, is of good linearity, but is too insensitive for
capillary colum work. From a commercial point, however, other considerations,
such as robustness, price and safety must also be taken into account, and the
photo-~ionisation detector is unlikely to become a great commercial success,
A detector operating on similar principles to the P,I.D. has already been
patented (331).

IV, The Photo-Ionisation Detector of Yamsne

Since the above work another study of a photo-ionisstion detector has
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been published (332/4). Yamane's conclusions were similsr to my own find-
tings and his model was fitted with an earthed ion trap between the discharge,
gap distence only 0.1 mm, The sensing chamber and the collector electrode
were placed out of the direct beam of photons to eliminate photo-electric
emission, Helium was used as both the discharge and carrier gas because,

as shown by Hopfield (335) and Tanska, Huffman et al. (336~7), the discharge
in helium at the high pressures, at which this detector was opagatod. enits a
continuum of radiation in the wavelength region ca 600 and 100 A. The use of
helium as carrier gas preve nted the absorption of these high-energy photons
by the carrier gas provided it was pure.

The background current - collector voltage plot was of the same form as
Figure 76 but the background current was a factor of 10 lower. With increas-
sing discharge gas flow the background current reached a maximmm at about 50 ml
per min and then decreased, showing that the photo-ionisation of impurities in
carrier and discharge gas had not been eliminated in spite of purification.
When the impurity traps were maintained at room temperature permanent gases
were not removed from the discharge gases and absorbed UV light with a decrease
in sensitivity; |however with liquid nitrogen as coolant results were repro-
sducible. The ancde voltage was usually 100 v and the discharge current
30 = 60 uh.

With increasing gas flow the peak current increased at first, reached a
maximun and then decreesed ss with the background current - gas flow variation.
The discharge gas Ithul had two effects, namely increasing the number of photons
and reducing the concentration of the sampie gas in the sensing chamber, Peak
inversion for low gas flow and large sample size was attributed to the diffus-
tion of the sample gas into the discharge region with absorption of the ionis-
:ing photons. The minimum detectable quantity for the inert gases was about
107! g/l and the noise level was only 3 x 10”12 A,  The detector was non-
linear and this was attributed to the cell geometry.

V. Final Conclusion

With extremely pure gases and good cell geometry the photo-ionisation detect-
tor is a very semsitive detector, particularly useful for those substances which
cannot be detected with the argon or flame ionisation detectors, but much more
work regarding reproducibility, relisbility and linearity is necessary before it
con be used with confidence,
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I. The Theoretical Plate Treatment

Consider the column to be made up of r plates in each of which equilibrium
is established between the two phases. Consider the chromatographic process as
taking place by the transfer of all the gas from one plate into the next plate
where & new equilibrium is established with the fixed phase (358,

The probability p of a vapour molecule bzing in the gas pha;a during one of
these transfer processes is p = ?{"ﬁ- « e then calculate the chance P; of a
molecule being in the rth plate, i.e. just about to emerge from the column when
n volumes of gas each equal to the volume of gas in one plate have passed, i.e.
there were n transfer processes and the molecule will heve been in the gas phase
exactly r times, The problem is a standard one in statistics - the probability
of picking out exactly r marked individusls in a sample of n, taken from a pop-
sulation in which the proportion of marked individuals is p.

|
n - r n-r
P: = Fm-!P (1 - p)
This is the binomial distribution.

(1) P:+1 _{ns+1) (1~
n+i-=-r

o
Fa
v : T
Ian>P:+1. (n+1)(1-p)‘-(n+1—r)mdn“7(p-1)

r r
Ak < e

Thus for all practical purposes Boax ™

s [

(2) When m, r, and n - r are all large the distribution may be simplified uainsz
Stirling's formula (359) to the normal distribution PT = 3
whemqa1—pa1and5ap(n-nnu) (A )2/
This may be writtﬁga gm, e AT/ ioh may in turn be simpli-
:fied to y = he /2§ where N is now the total number of plates in the column.
The ratio of the volumes of carrier ges required to elute a band of substance

through N and Ar plates, V, and x respectively, may be given by R = %%
b 4

1
J2Tm npq‘) 2npq

where ¢' in oonstant for any given columm,

LI Ar Thus y = he kcbvﬂ end may be compared with y = he
28 2¢VR

2/6 2
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where y is the peak ordinate at a distance x from the centre and x is now
the distance from the peak maximum measured as a volume of carrier gas.
This is the expression for a Gaussien distribution and

&2 néVR, (@.)2 = 8(2 QSCbVR

from the properties of s (Gaussian distribution.

. Ve v, 2
mo n-q) -B(ﬁ)
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II. The Calculation of N, the Number of Theoretical Plates

The nunber of plates in a column is found experimentally by measuring
the pesk width and the retention volume in the same units end applying one
of the formulae (1, 2, 21, 49, 52, 132).

2 v, 2 vV, 2 hY 2
(B s D =D essih -2 (B

(1) (2) (3) (4) (5)

Of the above methods (1) and (2) are slow and (5) involves the sdditionsl
measurement of area. Since there is probably more personal error involved

in the drawing of tangents than there is in measuring ﬁ (4) is the pre-
:ferved method, though (3) has been offioially remmandod (2). See Figure 19,

Be =32 ¢
ﬂ*-o.amﬂe

W = 0.414 /\;e
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III, The Relation between the Average and the Outlet Column Pressure

The pressure gradient dp/dx and the linear velocity w in the column
are related by u = ~Kdp/dxfjwhere ) is the gas viscosity and K is a
constant, the 'column permeability' x is the distance from the column inlet.
From Boyle's Law, aup = au p = aup where u and p are the values averaged
over the columm length.

m(%o)an_m -_mL.

;'Y,u /q Po'ty
definition,
e & o & Py Py 5
pfdx-pdx:pfpdp-fpdp
* * % Py
. (3,2 -12,2) p,? - v,
.. P 2 = 3
3 3
u % > (52 - 9,2 > 70 pyfp)? -1
)
? Py/P,)2 _
Thus u = U =~ Sl-lf‘ WhBer1 -g%('u"_g)B_—l)
Po " (pyfp,)” = 1
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IV, The Influence of Gas Compressibility on Plate Height

Any gas packet within a column containing significant pressure gradients
will physically expand as it passes down the column by an amount over and
above that due to ordinary isostatic spreading (110, 361 - 365).

Consider the equation for HETP,

B'D C‘ux
H(x) = A+-‘;;E +-ﬁﬁ-—-—+01ux
&x

UPy ¥ Ul ¥ e LR . R

1 L
'H(x)ukq-nnm +cg“o + Clupo
ST u D OF'

(] go z

P
() o ‘o
= Bg + HI- 2,
Hgo iz the sum of these terms which remain constant. The variance as a
function of %, where x is the distance from the outlet, is a6 2(x) = -H(x)dx.
As the peak moves into regions of smaller pressure it expands. The dependence
due to expansion may be written :
3(0’2[122 -Jagx! é «3
3 = 5 gince 6 (x) "' p
o (p°) 3
The total differential may be written as
2
BN L (8 IR VW, B

2
P
The experimental plate height is defined from the chromatographic record by the
equation 2
a ¢ 3 2.2 - L
H-L(_'I't..R_) =1 ‘t u, sinceu = n

A9 2
Since 6, =6, x u (band),n-an’o

u 2
=t 262 @)% =1x 6722
u.ob (] pw

By integration of the equation for dd"(z)"': we obtain 50

2
Since p° = p 2 + 2ku p (x) 3 x = distance from outlet

dx = dpzfaKuopo
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This is of thefomd!+(ﬂ+3+2!/x)dx-0
f.e, d¥/dx + 2/X + ¥ = -AX = B where ¢ 2 aY,p-I. A-Ho/Kuppo
and B = HL

The integrating factor for the equation of the general form
dy/fdx + £(x) y = glx) is ajf(dz which in this case is x° (339)

1.0 dyx® + (& + Bx® ¢ 2yx) dx

This is the perfect differential of (Ax'/4 + Bx’/3 + x°y ) =R
Hence the solution ie R = constant = ¢ and replacing x, y, A and B

) 4 3 2 /2
gimHg/ﬂmopoop +H°I/3Kuoop +p 6 = C

whmp-pi.t‘z =0 .

" HO BI.
4 4 3
RNl ﬁ;:;;(pi “Be )+ (3 = By)
* et H;"‘o 4 5 P, o3 Py
o % v ™2 ("= 1) + m ( -1)\!1101‘31’-1;:-
g ﬂ;( /a0 (54 1)+HL/3(P—1)
"T _' a(P 2)
VR B =P
ainceL--E_f-“%i‘o—p';"*?—)

. . H = Observed Plate Height
=Jzo x(f_q_)z o d% . 80% -1)?

L 4P -1)?
Joake 3@“)(9“‘)1 +u° |3 1))
‘ (2 -1 )? 2 (P3-1)j
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In the present work we were concerned only with gas phase contributions to H,
that is, the second term in the last equat:l.pn is omitted.
The above expression may be written as H = ns°r1 + BOP,

2
Iherefiwbomreqimplymttmaaf.l ___(p_l_mun

2 B ’?o2 2 (P’mfz
vherc(p)mean---—i—*— and B = 3, 1)

It was found that this correction was in fact negligible in all the log plots.

In the other cases the irreproducibility of the data did not make this correction
worth while. We therefore used the approximate form Hgo =B o/u % £(a,C ouo)'
Plots were accordingly made of log ﬁ against log u, where u, was calculated

from u and the known inlet and outlet pressures.
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V. Mechanism of Response of the Flame Ionisation Detector

Ionisation in flames is a little understood phenomenon snd in this age

of missiles and satellites a great deal of work has gone into its study.

The ion concentration in a hydrocarbon flame is many times higher than can

be accounted for by thermal fonisation alone. Stern (366) postulated a new
species formed by stripping off the molecular skeleton to give a solid-carbon
agoregate, the work function of carbon (ca 4 = 7 ev) being low enough to account
for the high ionisation observed. The suggestion was widely accepted and when
the flame ionisation detector was introduced Stern's theory was automatically
assumed to apply.

Several objections to the carbon mechanism were raised by Calcote (367)
who pointed out that at the same flame temperature the ion concentration is the
same in both rich and lean flames. He worked out that there were roughly 200
times more ions than could be accounted for by carbon particles if every carbon
atom were tied up in a carbon particle of radius 100 . Kinbara (368) has
shown that the maximum electrical conductivity occurs in a relatively low temp-
serature portion of the flame. Calcote proposed a chemi~ionisation process
in which the energy released in strongly exothermic chemical reactions is retain-
ted in the product molecules leading to ionisation before thermal dissipation
of the energy occurs.

Sugden and his collaborators (369-370) using mass spectrometry found that
a typical ion mass spectrum for a lean acetylene flame showed over 110 peaks
from mass 19 to 150, Two peaks which persist in other flames corresponded to
H.,O and CZH)O 03 units are particularly favoured and might arise from the
addition of CH to Czﬁz.ths CH be:lng formed by 02 + OH = CO + CH + @, Subse~-
tquent higher molecular weight ions can then beformed by a stepwise polymeris-
sation. Calcote selected for the probavle basic mechanisms:

0 (') 40, ('L ") - ('Y )+ c,* + & (cumilative excitation)
and C, (3TT8) + 0,—> €0 (*57% « oo* + &(chemi~ionisation)
and suggested for the formation of H30+,
e W (8,0, coh) 5'0" 0*+(H00-0)
¥ N0 et &

co
OH+CO
or OH' +H0 —>H0" +0
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The high molecular weight ions can then be formed by

By0" # O H B0+ CET

From a theoretical treatment, Eyring et al. (371) showed that it is the
high free energy of formation of CO and 002 which couple with less favourable
jonisation processes to produce the observed ions., Sternberg (129) has dis-
scussed the flesme processes in detail.

The detector is normally operated as a diffusion flame, diffusion rather
than chemical reaction being rate-determining, In the inner cone (see Figure
79) oxygen is essentially absent and free radical reactions are initiated by
back diffusion of the mobile H stoms from the main resction zone. TUnder these
conditions, following the Rice-Herzfield scheme (372~3) rupture of the weakest
bonds leads to dehydration, decarboxylation, de hydrohalogenation snd some de—
hydrogenation  processes. Very near the outer boundary of C cracking and
stripping of fragments to give such reactive species as Cﬂz. CH and C atoms
occurs. In the msain reaction zone D the oxidising freagments consisting of
oxygen atoms and molecules, OH and 502 radicals lead to highly exothermic oxid-
sation reactions. The energy liberated in these reactions is retained by the
product molecules formed in the form of electronic enepgy end is not readily
converted to translational emergzy on collision; the "hot' product molecules
mey thus retain their emergy and undergo further exothermic reactions. A 'chemi-
sionisation’ process results from direct utilisstion of this energy before
thermal ionisation has time to occur. The kinetics of the free radical pro-
tceases occurring is the factor determining the extent of ionisstion and not
the flame temperature. The response thus varies directly with the rate of
energy release in the reaction zone, the rates of the chemical reactions occurr-
ting asnd the burning velocity. Vhere a carbon is already oxidised in the
starting sample, e.g. in carbon monoxide, an oxidised carbon fragment is split
out in the endothermiec cracking stage of the reactions snd this oxidised carbon
fragment is incapable of producing ionisation in the flame and there is no re-
seponse from carbonyl carbon, ete.

The linearity of response down to very low carbon levels further refutes
Stern's theory and indicates that response is not dependent upon 02 or any other
2-carbon fragment, Though & detailed mechanism is still speculative, the close
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equality of response per gram atom of carbon regardless of its source
suggests that a single basic process contributes most of the ionisation

in each case. Most of the steps proposed by Calcote require either 2-
carbon fragments or electronic excitation on an already high emergy CH
fragment. Such steps are improbable in the hydrogen flame and correlations
of raa.pome with rate of energy release in the reaction zone of the flame
indicate steps ulilising C, CH and 01-12 fragments in reaction with excited
OH, 02 or 320 in the hydrogen flame to give firstly ions such as COH'*.
coon* which when struck by a H,0 molecule readily transfer a proton to form
n’o*. Hs°z+ , ete. H30+ is the most common positive ion in uncontaminated
hydroearbon-air flames,
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VI, List of Symbols

A = Area of a peak
Multipath term in the wan Deemter equation
A? = Giddings' coupled eddy diffusion coefficient
Ae = (Cross-sectional area of empty column
B = Molecular diffusion term in the van Deemter equation
By = Specific permeability
BC = Background current
c = Nonequilibrium coefficient
Constriction
Cg, Cq = Coefficients for resistance to mass transfer in gas
and liquid phases
Cs = Concentration on adsorbent
Cg = Concentration in gas phase
cv = Collector electrode voltage
c = Concentration
Velocity of light
c* = Concentration at equilibrium
Cis © = Constants
Dgs» Dp = Diffusivity in the gas and mobile phases
D4 = Diffusivity in the liquid phase
D42 : = mm coefficient of gas 1 in gas 2
Deff = Effective longitudinal diffusivity
Wy = Gas diffusivity at colum outlet pressure
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Hy, HETP
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= Column diameter

= Particle diameter

= Gas film thickness

= D:I.atahce

= Volume fraction of columm occupied by gas and liquid
= Volume flow rate of carrier gas at colum outlet
= Gas compressibility factor

= Mobile fraction of gas phase volume

= Gas chromatography

= Gas-liquid chromatography

= Gap-solid chromatography

= Height equivalent to a theoretical plate

= Mobile phase contribution to H apart from longitudinsl
diffusion

= Contribution to H from trans-colum effects
= local gas plate height
= Observed plate height
= Minisum HETP
= Reduced HETP
Planck's constant
= Current
= Discharge current
= Partition coefficient

= Column capacity coefficient = amount of solute per unit
length in liquid phase divided by amount per unit length
in gas phase

Boltzmann constant
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= Column length
= FHolecular weigat
= Humber of theoretical plates

Number of moles

Column inlet snd outlet pressure

it

= Average column pressure
= Column pressure drop
= Fraction of solute in gas phase
Cas constant
= Reynold's number
= Tube radius
= Rate of solute accumulation due to local non-equilibrium
= Temperature
Tortuosity
= Time
= Retention time
= Linear gas velocity
= Linear gas velocity al column outlet
= Average linear zas velocity
= Linear gae velocity at Hpin
= Peak or band velocity
= Voltage
Reduced linear gas veloeity

Peak width

= Mole fraction
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% = Tortuosity factor
= Interparticle porosity
Force constant in Lennard-Jones function
M = Viscosity
A = Packing irregularity factor
ifean free path
P = Density
do/dp
3 = Standard Deviation
Force constant in Lennard-Jones function
Molecular diameter
dl = Variance
(x) = Standard deviation of a peak measured as a length
4 (%) = Standard deviation of a peak measured in time units
78 = Coefficient indicating magnitude of H,
Ea 3 = Collision integral

Note: In addition to the above, there are symbols used in a

particular discussion which apply to that discussion only.
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Fig.1l7
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Figure 17 : The Flame Ionisation Detector and basic circuitry.
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Figure 33a : Variation of peak width (W) with particle diameter
for colum I at a fixed retention time (50 secs.)
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Figure 33b : Dependence of log. H min. on particle diameter.
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Figure 35b

Figure 35 : Variation of eddy diffusion with particle diameter (35a)

end perticle - to - column diameter ratio (35b).



Figs. 36 & 37
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Figure 36 : Effect of particle - to - column diameter ratio on

gas phase mass transfer.
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Figure 37 : Dependence of porosity on particle - to - column

diameter ratio.
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Figs. 40 & 41
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Figure 40 : B.S. mesh values and metric measurements (mm-3)
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Figure 41 : Velocity profile as a result of the wall effect

(a) is the ideal case, (b) shows the effect of long range
inhomogeneity.
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Figs. 43 & 44
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Figure 43 : Logarithmic plot of reduced plate height against column -

to - particle diameter ratio : comparison between gas and

liquid systems.

Figure 44 :

Contour of colour change (after Littlewood).
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Figure 45b : (Column Inlet Pressure = 2 cm. Hg)
Figure 45 : Effect of column inlet pressure on rate of attainment of

velocity. The signal is a measure of the gas velocity.
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Figure 47 : Change of (peak width)2 with residence time for
nylon tubes I (47a) and III (47b).
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Figure 48 : Change of (peak width)? with residence time for methane, ethylene and ethar
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Figure 51 : Illustration of © and ﬁ -
Straight 8
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Figure 52 :

Illustration of various types of paths.






Figure 54 : lModel used by Giddings and Boyack in the calculation
of tortuosity.
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Tigs. 62 & 63

Figure 62 : Illustration of interstitial and intraparticle
tortuosity.
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Figure 63 : Apparatus for preparation of capillary column.
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Figure 68 : Illustration of detector non - linearity.

Figure 69 : Variation of current with voltage : absence of plateau.
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The Spreading of Air Peaks in Capillary and Packed
Gas Chromatographic Columns

J. H. KNOX and LILIAN McLAREN

Department of Chemistry, University of Edinburgh, Scotland

P Current theories for the spreading
of packets of unsorbed substances in
gas chromatographic columns are con-
sidered. It is shown that the usual HETP
equations can be cast into reduced
forms and that various column param-
eters, in particular the geometrical
parameters A and A’, can be found
by curve fitting. The method is ap-
plied to the data from a capillary
and a packed column. It is shown
that  within  experimental error the
Golay equation is obeyed quanti-
tatively. The diffusion coefficient for
ethylene in nitrogen is found to be
0.16 cm.? sec.™! Comparison of the
HETP's for the capillary and packed
column show that the tortuosity factor
for glass beads is about 0.8. There
s little evidence for eddy diffusion
or coupled eddy diffusion as en-
visaged by Giddings. The eddy dif-
fusion parameter A is less than 0.15,
The gas phase mass transfer coeffi-
cient is C, = 0.3 X di/D, = 0.0045

second.

TuE sPREADING of bands in gas
chromatographic columns is usually
ronsidered in relation to an HETP
quation. The commonest form of

such equation can be written
H = L{o/tr)* = A+ B/u+ Cu (1)

where u is the linear gas velocity in the
column. A is the contribution to the
HETP from the structural inhomo-
geneity of the column and is purely
geometrical in nature. For open tubes
Aiszero. B/uresults from longitudinal
diffusion in the gas phase and Cu from
the failure to attain complete equilib-
rium in and between the gas and liquid
phases. The factor C is usually made
up of several terms, one for each slow
process contributing to the nonequi-
librium. In the original van Deemter
equation () only resistance to mass
transfer in the liquid phase was con-
sidered to be important in making up
C. However, Golay (15) in his treat-
ment of open tubes showed that resist-
ance to mass transfer in the gas phase
should also be considered. Its practical
importance for open tubes or capillaries
has been established by Desty (8) and
Scott (22). Golay pointed out that con-
trary to general belief resistance to mass
transferin the gas phase should be much
more important in packed columns than
in open tubes because of the irregularity
of the packing. Recent work has sup-

ported this. C, is often comparable
with C';and in certain cases considerably
greater. Dal Nogare and Chiu (4)
for example have established that C' is
definitely nonzero for both weakly and
strongly sorbed substances. For both
types C; should theoretically be zero
and C is therefore due entirely to slow
processes in the gas phase. Norem
(20) has shown that there is a distinct
upward trend in the HETP vs. u curves
for unsorbed peaks and hence C, must
have a significantly positive value.
This is supported by the results of
Kieselbach (17) although his curves for
air peaks show only a flattening at high
gas velocities.

Several attempts have been made to
treat gas phase mass transfer in packed
columns quantitatively, but the problem
is difficult because of the complex ge-
ometry of a randomly packed bed.
Nevertheless substantial progress has
been made by Jones (16), van Deemter
(6), and Giddings (9, 10) although all
treatments leave undetermined a num-
ber of geometrical constants.

Giddings (1) has criticized Equation
1 on the grounds that it misinterprets
the role of the structural factors. He
points out that the tortuosity of the
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stream lines in a packed column will
tend to assist mass transfer. Thus a
molecule in any stream will wander
(even in the absence of lateral diffusion)
from low to high velocity regions and
will from time to time approach the
surfaces of particles quite closely.
There are thus two alternative ways in
which a molecule may move across the
eas stream and so encourage mixing of
the gas, or approach closely to a particle
surface so encouraging mass transfer.
These are diffusion across the gas stream
and movement along a tortuous stream
line. Since the two effects are comple-
mentary they should be compounded
like resistances in parallel rather than
resistances in series, and their combined
contribution to H should be written

H, = (1/A" + 1/Cou)™! (2)

This value is of course less than Cju.
Whereas the classical eddy diffusion
term A was expected to be of the order
of the particle diameter, Giddings’
parameter A’ should be much larger,
possibly some 10 particle diameters.
The effect responsible for A’ has been
called coupled eddy diffusion (77). The
process envisaged by Giddings which
aids mass transfer in the gas phase ap-
pears to us to differ from the classical
eddy diffusion as envisaged by van
Deemter although it still derives from
the geometry of the packing. Giddings
(12) describes classical eddy diffusion as
follows: “It arises from the nonequiva-
lence in velocity of various flow paths
which a fluid and solute follow in migrat-
ing through a porous support. The
less tortuous higher velocity paths lead
some solute to a position in advance of
the bulk solute and vice versa. Be-
cause a random distribution of flow
paths exists the resulting band spread-
ing is random and the subsequent con-
centration profile Gaussian.” The
process so described does not assist mass
transfer in the gas phase. Neverthe-
less, as the molecules of solute follow
these tortuous paths they also move
from regions of high to regions of low
gas velocity which will aid mixing, and
from time to time approach so closely
to the surface of particles that the dif-
fusional path thereto is substantially
reduced which assists mass transfer.
It therefore appears to us that both
types of structural effect should be con-
sidered in a complete equation for the
HETP, at least for purposes of discus-
sion. Such an equation would read:

H=A+4 Bfu+
(1/4" 4+ 1/Cou)~t + Ciw (3)

This equation is unfortunately too
complex for a simple experimental test
because of the different effects of column
pressure drop on €, and C; (18), and
the necessity for covering a wide range
of u to isolate the different parameters.
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However, the equation is much simpli-
fied if consideration is restricted to un-
sorbed substances. (' is now zero and
both the second and third terms are
pressure invariant since the pressure
dependent quantities v and D, appear
only as the pressure independent ratio
w/Dy. D, and % can thus be taken to
have constant values equal to those at
the outlet of the column. The HETP
equation now takes the simplified form

H = A+ 2yDi/w +
(1/4" 4+ Dy f(wdiu)) ™ (4)

The parameter o introduced by Gid-
dings (9) represents the square of the
average distance in particle diameters
that a solute molecule diffuses during
the period of the gas phase equilibration
process. According to Giddings o is
expected to be about unity for a packed
column. This has been confirmed by
the experiments of Norem (20) and Dal
Nogare and Chin (4). It is of interest
to consider what value » would take if
a packed column could indeed be re-
garded as equivalent to a bundle of
capillaries with the same linear flow
resistance. The Kozeny-Carman equa-
tion (1) shows that a column of ran-
domly packed spheres has the same
linear flow resistance as a capillary
whose radius is 0.135 times the particle
diameter. If r in the Golay equation
is replaced by 0.135 d,, the factor C, for
k = 0 becomes C, = r%/24D, =
d,2/1300D, hence « = 1/1300. This
comparison illustrates the enormous dif-
ference in performance between a
packed and capillary column as far as
gas phase mass transfer is concerned,
and it encourages the hope that there
is room for substantial improvement in
the design of the former.

In the present work we have at-
tempted to obtain information on the
magnitudes of A, A" and w for a packed
column with unsorbed gas samples, and
to verify the Golay equation quantita-
tively. The capillary column was 1664
em. of 0.88-mm. i.d. nylon tubing and
the packed column was four 150-cm.
lengths of 3.8-mm. tubing packed with
0.50-mm. diameter glass beads.

When 4’ = o Equation 4 reduces
to the van Deemter form, Equation 1.
This equation is symmetrical in u and
1/u and can be cast into a reduced
form

h=v'i4+a+tv (5)

where h = H/(BC)Y*; v = u(C/B)V?;
and « = A/(BC)Y2. Plots of log &
against log v are therefore symmetrical
about the log v axis and show minima
ath =24 aandv = 1. A series of
such plots for different values of « is
given in Figure 1. The asymptotes to
all curves are the same, and it is worth
noting that the eritical region for deter-
mining « is that around the minimum.

Plots of Log H against Log we for any
set of experimental data obeying Equa-
tion 1 must fit one of the theoretical
curves apart from a displacement of the
origin, It should therefore be a rela-
tively simple matter in practice to show
whether or not Equation 1 is obeyed
and if it is to determine « by curve
fitting. This method of determination
is superior to methods such as extrapola-
tion of the “straight” parts of H vs. u°
or I vs. 1/ue plots since these place un-
due emphasis on values of H obtained
at high or low gas velocities while ignor-
ing the most important points which are
those in the vicinity of the minimum H.
A logarithmic plot is also more satis-
factory for the determination of the
probable error in A or a since the pro-
portional error in u° or H can readily be
accommodated by making the points of a
representative size. Generally the per-
centage error in H and we will be the
same for all readings, and all points can
be made the same size in plotting the
experimental data on a logarithmic
scale.

For an accurate determination of the
eddy diffusion parameter A or a, two
requirements should be met. Firstly
the region around the minimum H
should be earefully mapped so that both
Huin and uepe are accurately determin-
able. Secondly the position of the
asymptotes on both sides of the mini-
mum should be reasonably clear.
Ideally it is desirable to cover a hundred-
fold range of gas velocity so that at both
high and low gas velocities eddy diffu-
sion ean be assumed to play an insignifi-
cant part in peak spreading. This is
some 10 times the range usually covered
and a really effective experiment will
put & considerable strain on the experi-
mental technique.

When 4 = 0 Equation 4 reduces to
that suggested by Giddings (11):

H = Bfu+ (1/A" + 1/Cu)~t  (6)

The reduced form of this equation is
written

h=v1+(1/a" + 1/0)7! (7)

where i and v have the same meaning as
before and o' = A’/(BC)Y* This
equation is no longer symmetrical in
v and 1/v and shows a minimum /A
only when a’ > 1. The minimum is
thenath =2 —1/a’,o = (1 — 1/a") 7L
Plots of log & against log v for different
values of o’ are given in Figure 2. The
left-hand asymptote is the same for all
curves and indeed on the low velocity
side there is little difference between
curves for different values of «’. The
right-hand asymptotes on the other
hand differ and are horizontal at i =
a'. All curves for o’ > 1 show inflec-
tion points. The effect represented by
A’ can therefore be observed only in
experiments carried out at gas velocities
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considerably above those for minimum
I. The curve fitting method clearly
provides a general method for determin-
ing both A and A’. For the general
case it would be necessary to provide
theoretical curves for all possible com-
binations of « and «'. However a
reasonable estimate of o and o' can be
made by using the low velocity part of
the curve to determine « and the asym-
metry of the curve to determine o’.
oxperimental work on the determina-
tion of A has been reviewed by Giddings
(12). The main features of the data are
their irreproducibility, the appearance of
values of A much less than d,, and the
appearance of negative values of A.
The view is now becoming general that
A is probably close to zero for well con-
structed columns and that nonzero
values result from imperfections in the
rest of the apparatus. Littlewood (19)
and Kieselbach (18) have for example
shown that positive values of A can
arise from a finite sample volume and
from bad geometry of the column inlet
and outlet. Other features which are
likely to contribute to spurious eddy
diffusion terms are dead volumes
throughout the apparatus. Such dead
volumes will normally result in tailed
peaks. DBoth effects are likely to be
more important with substances which
have low retention times. In this con-
nection it is significant that the early
peaks in chromatograms are usually less
symmetrical than later peaks. Nega-
tive values of A which have been re-
ported several times (3, 8, 19) resulted
in one case (3) from the use of average
instead of outlet gas velocity but may
also be explained by supposing a finite
time constant for the injector or detec-
tor. The effect of this would be to add
a finite width to any peak such that at
high gas velocities an inereasing propor-
tion of the total peak width would be
due to the time constant of the appara-
tus. Values of H at high flow rates
would be too large and the dependence

Figure 2.

-0-2 02 06 10
log v

Logarithmic plot of reduced HETP against re-

duced linear gas velocity, h = 1/v + (1/a’ + 1/v)-!
with various values of o’

of I upon u too steep. Any method of
analysis which laid emphasis on the
points for high gas velocities (for ex-
ample the extrapolation method) and as-
sumed an HETP equation of form 1
would be likely to give negative values
of A. In our own experiments this ef-
fect was significant. As with a finite
sample volume this effect would be
most serious for early peaks.

There is almost no experimental
work on the possible magnitude of A,
Norem (20) has shown that there is a
definite minimum in the HETP vs. u
curve for air peaks in a packed column.
Thus e’ is likely to be at least two and
probably greater than five (see Figure 2).
Since (BC)V? is generally of the order
of d, [Bohemen and Purnell’s data (3)
give (BC)V?/d, between 0.8 and 2.5
and values for air peaks are likely to be
in the lower range], A’ is probably at
least five particle diameters. Unfor-
tunately, to determine A’ it is necessary
to work in the high velocity region
where any inadequacy in technique is
likely to make the experimentally deter-
mined H too large to an increasing de-
gree as u increases. Until the value
of A’ is clearly established by a number
of different workers any published
values must be regarded as upper limits.

EXPERIMENTAL

The main experimental difficulties
in determining the spreading of air
peaks in a gas chromatographic column
have been noted by Norem (20). They
are first, the difficulty of measuring
peak widths accurately when they may
be only some 100 mseconds, and sec-
ond, the difficulty of isolating the
spreading due to the column alone and
eliminating that caused by external
factors (injector, detector, ete.). Con-
siderable care has to be taken to devise
fast injectors and column arrangements

which minimize dead space. Iven so
it is advisable to carry out experiments
with long and short columns (7/2) and
to subtract out the spreading due to
the apparatus. Since the total spread-
ing due to a number of independent or
consecutive processes is given by

otm of ol bl o (8)

the spreading due to the column alone
may be obtained from the total spread-
ing and that due to the apparatus from
the formula

Weholumn = Wotal — 'w?appantua 9)

In the present work, in spite of all pre-
cautions it was necessary to make this
correction to the observed peak widths.
At the highest gas velocities W,pparatms =
0.44 Wiotal and w”.,.,l.,m = 0.80 w total

We have evaluated the peak width
by electronic measurement of the peak
area and peak height. For this method
to be reliable the peaks must be highly
symmetrical. This was checked for
peaks wider than 2 seconds by a /-
second Brown recorder at a chart speed
of 12 inches min.7* If the peaks are
Gaussian the peak width is

w = area /height = v/ 2r.c = 2.51¢ (10)

(it should be noted that w defined here
differs from the usual “base width”
equal to 4¢) and the number of plates
in the column is

N = (lr/o)? = 2x(tr/w)* (11)

Ethylene was used as solute and nitro-
gen was used as the carrier gas. A
flame ionization detector was used be-
cause of its low detection volume and
time constant. Hydrogen was added
after the column at a rate of 30 ml. per
min.~! and air was supplied at about
1000 ml. per min.”' The detector
design was essentially that of Desty
(7) except that a gauze basket was
attached to the jet which served as the
negative electrode. This increased the
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linear range of the detector. The
signal from the detector was supplied
to an amplifier with a time constant of
10 mseconds and a most sensitive range
of 5 volts per 1079 amp. input. The
signal was fed to an integrator and
peak holding unit which stopped an
electronic timer when the peak maxi-
mum was reached. The switch which
started the timer also triggered the
injector. Thus for each injection three
parameters were recorded: retention
time (seconds), peak height (volts),
and peak area (volt seconds).

The injector was of the “hammer”
type described by Scott (271). The orig-
inal injector was redesigned for use
with gases and details are shown in
Figure 3. Ethylene was passed con-
tinuously through the injector chamber
at a pressure slightly below that of
the inlet to the column. This pressure
was maintained by a rubber bladder
containing ethylene which was mounted
inside a glass bulb, itself held at a
pressure slightly below that of the
column by a slow leak through it from
the column inlet to atmosphere. The
line leading from the bladder to the
injector was a piece of 0.25 mm. id.
nylon and that from the injector to the
column a 15-cm. length of 0.08 mm. i.d.
nylon tubing. Because of the presswe
drop between the column inlet and the
injector chamber this piece of fine nylon
tubing was continually purged by pure
carrier gas. A small sample could be
injected into the column (about 1 mm.?)
by energizing the solenoid which worked
the hammer and momentarily com-
pressed the gas in the chamber. The
tube from the injector was led directly
into the column to eliminate dead
space. It was hoped that this type
of injector would have a very small
time constant but our results indicate
that it may actually be as high as 0.2
second.

The connection of the columns to
the detector was as direct as possible.
With the capillary column (1664 cm.
of 0.88-mm. i.d. nylon) the end was'
drawn down slightly and pushed well
into the 1.6-mm. diameter hole leading
to the 0.32-mm. diameter jet. With
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Figure 4. Variation of peak width with average linear gas
velocity for long and short packed columns

the packed column a piece of 0.88-mm.
diameter nylon took part of the
emergent gas stream to the detector
while the remainder continually purged
the inlet to this tube and so eliminated
any stagnant backwaters. The pro-
portion which passed to the detector
could be varied by a needle valve on
the rejected stream and was usually
arranged so that a convenient size of
sample passed to the detector. Under
the best operating conditions the de-
tector was slightly overloaded and
therefore nonlinear. The effect was
not great but to obtain the most re-
producible results it was necessary to
work to a constant peak height.

The packed column consisted of four
150-cm. lengths of 3.8-mm. diameter
tubing packed with 0.50-mm. diameter
glass beads. The packing was re-
tained by 200-mesh gauze screens (18)
held in position with glass tubing which
just fitted inside the tube used for the
column. The four lengths were con-
nected together by short lengths of
the 2-mm. i.d. tubing used to retain
the screens.

"To eliminate apparatus errors ex-
periments were carried out with short
columns, a 40-cm. length of capillary
and a packed column consisting of
4- X 10-cm. lengths joined together
in the same way as the 4- X 150-cm.
lengths. Experiments with these
columns showed that a significant part
of the peak spreading was caused by
factors outside the main columns.

This is illustrated in Figure 4 for the
packed column.

The peak widths for the short
columns tend to a constant value as
the velocity is increased. This sug-
gests that the time constant of either
the injector or detector was not as low
as had been hoped. It is most prob-
able that the delay occurred in the
injector,

RESULTS AND DISCUSSION

The HETP’s derived from the cor-
rected peak widths are plotted loga-
rithmically in Figures 5 and 6 for the
capillary and the packed columns.
Values of various parameters derived
from the plots are listed in Table 1.

The points for the capillary column
fit the theoretical curve o = 0, @’ = =
within experimental error as expected
for the Golay equation. The minimum
HETP is 0.34 mm. compared with the
theoretical value of r/1.732 = 0.26 mm.
predicted by Golay. The somewhat
higher experimental value may be due
to overloading the detector. This point
is being investigated. The linear gas
velocity, uep, for minimum HETP
is 11 em. sec.™ From the Golay equa-
tion uep = V48 X D,/r. Hence D,
= 0.16 cm.? sec.™ This value com-
pares with that derived from measure-
ments on open tubes by Bohemen and
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Purnell (2) for carbon dioxide in nitrogen
(0.19 em.?2 sec.”’). For CO, and
CyHy in Ny the Gilliland equation (14)
gives 0.13 and 0.12 cm.? see.™!, respec-
tively.

The plot for the packed column shows
a higher degree of consistency than that
for the capillary, the maximum error
being about 5% in H or 29 in w.
There is no evidence of asymmetry in
the plot from which we may deduce
that Giddings’ geometrical parameter
a’ > 10, and may be infinite. The
classical eddy diffusion parameter « is
certainly small. The best fit between
the theoretical curves and the experi-
mental data is with « = 0.5. However,
the points around the minimum are
better fitted by @ = 0. There is there-
fore little evidence that structural in-
homogeneity contributes to the HETP
in a relatively narrow packed column
(column diameter/particle diameter =
7.5). The minimum HETP is0.71 mm.
or 1.4 X d,. Thus A < 0.14 mm. or
0.3 X d, and X in the van Deemter
equation is less than 0.14; A’ > 3.5 mm.
or 7 X d;. The small value of 4 is in
agreement with the results of Giddings
and Robinson (72) and the prevailing
evidence is that the eddy diffusion pa-
rameteris zero. The tortuosity factor v
in the van Deemter equation is readily
determined by comparing the positions
of the low velocity asymptotes for the
capillary and packed columns. The
value of v depends somewhat on the
values taken for « and «'. For the
various reasonable combinations we ob-
tainae = 0,0’ = =, vy = 085; a =
05,0 = =, v=0.70; a« =0, a’ = 10,
v = 0.75. Any of these values are
acceptable and are in general agreement
with previous estimates (2, 19). Using
the value of D, obtained from the capil-
lary the parameter w (Equation 4) may
be evaluated for each set of « and o,
If o' = @y Hyix = (2 + “)(270’)1"2-&1’;
if o =0, Huiw = (2 — 1/a') (2yw)12.d,.

Packed Column

08 12 16
log v’ (cm.sec)

Logarithmic plot of HETP against u° for

packed column

The value of  like v depends on the
values taken for o and a’: for « = 0,
a' = o,0=030; a =05 a = «,
w =023 a=0 & =10, » = 0.36.
These values agree well with that de-
duced from Norem’s results (9, 20).
They indicate that a solute molecule
must on the average diffuse about half
a particle diameter within the time con-
stant of the equilibration process.
This compares with about one tenth of
the tube diameter in a round capillary.
Since the particle diameter in a packed
column is about four times the diameter
of the capillary which has the same lin-
ear flow resistance the solute molecule
must have to diffuse about 20 times as
far in the packed column as in the
equivalent capillary. The whole proc-
ess of gas phase mass transfer is thus
about 400 times as slow. This differ-
ence emphasizes the great difference in
the speed of analysis possible with the
present types of packed columns when
compared with capillaries and fully sub-

stantiates Golay’s original suggestion.
One of the present challenges in gas
chromatography is to produce a packed
column structure which has a higher
permeability than the conventional
packed column and a lower gas phase
mass transfer coefficient.

LIST OF SYMBOLS

eddy diffusion coefficient

Giddings’ coupled eddy dif-
fusion coefficient

a, ' = reduced eddy diffusion terms
(Equation 5)

longitudinal diffusion coeffi-
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mass nsfer in gas and
liquid phases

¥ = tortuosity factor, B = 2vD,

D, = gas phase diffusion coefficient
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Table . Column Operating Conditions and Experimental Parameters
Packed Capillary
Length 593 em. 1664 cm.
Diameter of tube 0.38 cm. 0.088 em.
Diameter of beads 0.050 ecm. o
Carrier gas Nitrogen Nitrogen
Solute Ethylene Ethylene
Temperature 18° C. 18° C.
Outlet pressure Atmospheric Atmospheric
Hyin 0.071 cm. 0.034 em.
Uopt 11 em. sec.™! 26 cm. sec. ™!
a <0.5 Zero
a' >10 Infinite
D, (CsHyin N,) 0.16 em.? sec. ™!
Tortuosity, v a=0 a' = @ 0.85
a=05 o' =o 070
a=10 ' =10 0.75
%] a=10 a' = o 0.30
a=05 o == 023
a=0 o' =10 0.36
Aand A4’ <0.014 em. >0.35 em.
A/dy, and A’ /dp <0.28 >7
PN 0.035 cm. 0.017 cm.
(BC)Y2/d, and (BC)"/2r 0.71 0.19
Hm!.n/dp and Hmln/zr 1.42 0.39
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height of a theoretical plate
(HETP)

minimum HETP

reduced HETP (Equation 5)

column capacity coefficient =
amount of solute per unit
length in liquid phase di-
vided by amount per unit
length in gas phase

column length

eddy diffusion parameter, 4 =
2)\d,,

number of theoretical plates
in column

radius of capillary

standard deviation

retention time

linear gas velocity

value of u at column outlet

linear gas velocity at minimum
HETP

reduced linear gas velocity
(Equation 5)

peak width (Equation 10)

parameter in gas phase mass
transfer coefficient (Equa-
tion 4)
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A New Gas Chromatographic Method for Measuring
Gaseous Diffusion Coefficients and Obstructive Factors

JOHN H. KNOX! and LILIAN McLAREN

Department of Chemistry, University of Edinburgh, Edinburgh, Scotland

P A new elution method is described
for the determination of gaseous diffu-
sion coefficients and obstructive fac-
tors (D, and 7). It has a standard
deviation of about 2%. A narrow
band of an unsorbed solute is in-
jected into a column and eluted part
way down. The flow is arrested and
the band is allowed to spread by
diffusion for different times. The band
is then eluted from the column at a
precisely known velocity and its con-
centration profile is determined by a
svitable gas chromatographic detector.
D, or vD, is determined from the
gradient of a plot of (peak width)?
against time of residence in the column,
Experiments with open tubes gave D,
= 0.165 sq. cm. second ! for ethylene
in nitrogen at 18° C. and 750 mm.
of Hg. Experiments with convention-
ally packed columns gave the following
values of vy for glass beads, firebrick,
and Celite, respectively: 0.60, 0.46,
and 0.74. These values are inter-
preted in terms of the tortuosity and
constriction of the diffusion paths.
The reality of the two factors con-
tributing to the obstructive parameter
is verified by comparison of the cal-
culated and measured values of v
for a series of columns composed of a
single row of spherical beads in a
closely fitting glass tube. Agreement
is within 2% for all columns studied.

Wm:x AN INFINITELY THIN SLICE
of a gas B spreads by diffusion
into another gas A the concentration
profile of B in A after a finite time £ is

gaussian and the rate of spreading is
given by the equation

do.?/dt = 2D, (1)

where ¢, is the standard deviation of
the gaussian concentration profile meas-
ured as a distance, and D, is the dif-
fusion coefficient of B in A. Equation 1
holds for axial diffusion in a uniform
empty tube, but if the tube contains
obstrueting, but not sorbing, material,
diffusion is hindered and

deo.?/dt = 24D, (2)

where v is less than unity and in gas
chromatography has usually been called
the “tortuosity factor’”. The term is
unfortunate since the tortuosity of
paths through a packed bed is only
one factor contributing to the ob-
struetion.  In this paper, following
Giddings (§), we shall call v the “ob-
structive factor.”

D, could evidently be determined by
inserting a slice of B into a tube con-
taining A and measuring ¢.? as a fune-
tion of time, but this is not generally
possible in practice and an elution
method must be used where the time
variance, %, of the eluted band rather
than the length variance, ¢.% is meas-
ured. If the spreading band moves
slowly down the column at a constant
linear velocity, w, longitudinal diffusion
will oceur at the same rate as if the
band were static. In an empty tube,
if u is sufficiently low, other sources of
spreading may be made insignificant.
Since ¢/, = u, diffusional spreading
is given by

do/dt = 2D,/u?

do/dt = 2vD,/u?

(empty tube) (3)
(packed tube) (4)

The speed of movement of the band
along the column is u = f/A.e, where
f = volume flow rate (ce. second™1),
A, = area of tube when empty (sq.
em.), and e = total porosity of the
packing = (volume of gas in packed
column)/(volume of gas in empty
column). If the gas B were sorbed by
the column the apparent diffusion eco-
efficient would be ¥D,/(1 + k) where
k is the column capacity ratio; u would
still be the band velocity but would be
(1 + k) times lower than velocity of
an unsorbed band.

There are two elution methods for
determining D, and +, the continuous
elution method hitherto used and the
arrested elution method now deseribed.

The continuous elution method has a
number of distinet variants. In ex-
periments specifically designed to de-
termine D, or vD,, a band (3, 7) or
front (12) of an unsorbed gas is driven
slowly down a column at a series of suf-
ficiently low gas velocities that spread-
ing from slowness of mass transfer in
the gas phase is either negligible or can
easily be allowed for. An interesting
modification is the pulsed flow method
of Carberry and Bretton (5) in which
the rate of degeneration of a sinusoidal
concentration profile is measured.

These methods are applicable to both

! Corresponding author. Address until
September 30, 1964, Department of
Chemistry, University of Utah, Salt Lake
City, Utah.
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open and packed tubes but suffer from
the disadvantages inherent in opera-
tion at low flow rates; from the dif-
ficulty of correctly allowing for in-
strumental spreading outside the col-
umn; and with packed columns, from
the uncertainty as to the role of “eddy
diffusion,” which may interact in a
complex way with gas phase mass
transfer processes (8).

More generally yD, has been deter-
mined from HETP measurements of
either sorbed or unsorbed solutes in
packed columns (1, 14-18) the meas-
urements covering a range of velocities
around u,,—i.e., the velocity giving
the minimum HETP. The measure-
ments are not made specifically in the
low wvelocity region and do not usually
extend far into this region. By ob-
taining the best fit between the ex-
perimental data and an assumed HETP
equation, such as the van Deemter
equation, the parameter B = 2vD, is
obtained; v is generally found by
assuming a theoretical value of D,
This method suffers from a disadvan-
tage, additional to those mentioned
above, that the assumed form of the
HETP equation may be incorrect.

Neither of these variants is of very
high precision and the best values of
¥ cannot be considered to be accurate
to better than about 109,. Published
values range from 0.5 to 0.75 with a
concentration of values around 0.6:
it is not clear whether v is dependent
upon the nature of the packing ma-
terial.

The continuous elution method for
the determination of D, has been much
improved by Giddings and Seager
(9-11, 20), who have employed the full
potentialities of the open tube. They
use a gas veloeity which differs from
that required for minimum HETP
by a factor of at least two, either higher
or lower. D, may then be derived by
solving the Taylor-Golay equation (21).
Values obtained by this method have
standard deviations of about 29,. The
difficulties associated with the use of
very low flow rates ean thus be avoided.
Unfortunately the method is not ap-
plicable to the determination of v since
the magnitude and functional de-
pendence of the gas phase mass trans-
fer coeflicient in packed columns is not
vet established.

The arrested elution method by-
passes most of the experimental and
theoretical difficulties met with in the
continuous elution method. It is ap-
plicable equally to open or packed
tubes and it is of intrinsically higher
precision than the continuous methods
based upon H ETP measurements, The
method is as follows. A sharp band
of an unsorbed gas B is injected into the
column and eluted at a controlled and
measurable velocity. When the band
is about hall way down the column
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the gas flow is arrested for a time, ¢,
during which spreading can occur only
by diffusion. Finally the band is
eluted from the column and its con-
centration profile and standard deviation
determined by the detector. Provided
that B is not sorbed by the column,
Equations 3 and 4 hold for the addi-
tional variance produced by diffusion
during the delay period if u» is taken
as the outlet elution velocity, u,. The
variance produced by the injector,
column connections, detector, and elu-
tion along the column are now the same
whatever the delay and can accordingly
be subtracted out. Thus a plot of
o against delay should be a straight
line of gradient 2D,/u,? or 2vyD,/u
The intercept at zero delay is the vari-
ance introduced by the standard pro-
cedure.

Since u, oceurs to the second power
in Equations 3 and 4, its accurate
measurement is vital to the precision
of the method. In the examples given
later an overall reproducibility of about
+ 29 is achieved.

THE INTERPRETATION OF ~

Boyack and Giddings (4) have given
a theoretical treatment of electro-
phoresis in stabilized media which
Giddings (8) has suggested can be
applied with minor modifications to
longitudinal diffusion in gas chromatog-
raphy. Boyvack and Giddings suggest
that obstruction to electrophoresis can
arise from two effects: (1) the tortuosity
of the paths through the medium, and
(2) the alternating constriction and
widening of the paths along which
typical particles move and along which
a varying potential gradient is in-
evitably established.

As applied to gas chromatography
these two factors may be illustrated as
follows:

(1) Torrvosity. If a concentration
difference Ac is established between
two planes a distance [ apart (Figure
1), the time taken for the average

molecule to diffuse along a tortuous path
S, of length s, is greater than that along
astraight path L. There are two reasons
for this: (a) the distance along S is
greater by the factor 7' = s/l, and (b)
the concentration gradient along S is
lower in the same ratio. Thus the
average time for diffusion along S is
greater than along L by a factor T and
the apparent axial diffusion coeflicient
along S is

Dy(apparent) = 7D,

Thus tortuosity contributes a factor
T2 to the obstruective factor.

(2) Consrricrion.,  Figure 1 also
shows a tube of variable cross section,
A,. If a concentration difference, Ac,
is set up between two planes a distance
I apart, an equal number of molecules
must diffuse per second across every
section of the tube when a steady state
is reached. This implies that the con-
centration gradient along the tube
is not uniform but is greater in the
narrow sections than in the wide sec-
tions. The rate of passage, R, of
molecules across any section of the tube
is

R = constant = D A, (de/dx)  (6)

The average time of diffusion of a
molecule along the tube is

1
b= f A eR de ()]
0

If ¢ >> Ac the average time of passage
is

l
L= trR*lf Aude = eRUIL(8)
0

where .1 is the mean cross-sectional
area of the column. Since

1 l
Ap= f de = Rl).,—'f da/A,
0 @
)

R may be eliminated from liquation 8
fo give

{
t = (edl/Ac D)) f de/A.  (10)
[}
If the tube is uniform, the time for
diffusion, ¢,, is
t, = cl*/Ac D, (11)

hence the constriction factor, C, is

1
C =tit= E[Tf t!.rf--l,]“ (12)
0

Thus € ecan be ecaleulated for any
specifiable geometry. The complete
obstructive factor is then

5 = QT2 (13)
In a packed bed the situation at first

appears more complex than that illus-
trated formally in Figure 1 since there
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Figure 2. Models for packed columns

are no channels with clearly defined
walls.  However the concepts of
tortuosity and constrietion as applied
to diffusion are still relevant if we define
a diffusion path in an analogous way to
a stream line in a flowing fluid. We
define a “diffusion path” as a path
through the column which is always in
the direction of the maximum con-
centration gradient and consequently
normal to successive surfaces of equal
concentration.  Such diffusion paths
give the direction of bulk diffusion
although any given molecule will not
follow such a path. These diffusion
paths are analogous to stream lines,
which are normal to isobarie surfaces,
but they do not coincide with them.
Whereas stream lines will generally
pass around porous particles, diffusion
paths may pass through them as well
asaround them (2). The diffusion paths
in a packed bed will inevitably be
tortuous and any bundle of such paths
will be successively constricted and
expanded so that their envelope will,
in broad terms, be similar to the tube
shown in Figure 1.

CALCULATION OF y—MODELS

To ecaleulate 4 simple regular models
must be devised and we confine our-
selves here to models based upon
spheres of equal size. Boyack and
Giddings (4) consider, among other
models, a regular array of spheres in
cubical boxes, each box containing a
single sphere. This arrangement (Fig-
ure 24) has a minimum porosity of
0.477 when the spheres are touching.
This compares with a porosity of
0.26 for closest packing and 0.38 for
random packing of spheres. Although
the model is probably adequate for
very porous media it is inadequate for
the closely packed struetures used in
gas chromatography.

A model bearing more resemblance
to a packed column is a round tube
of radins R containing a single row

of touching spheres of radius r (Figure
2B); this has a minimum porosity of
0.333 when » = R. However, in this
configuration the model is impervious
to gas, and for e = 0.4 it can bear little
resemblance to a randomly packed
column. Nevertheless this model has
the merit that it can be precisely con-
structed and can be used to test pre-
dictions quantitatively.

A more realistic model (Figure 2C)
may be constructed from 2B by imagin-
ing slightly deformable hemispheres to
be attached to the walls of the tube
in circles around the points of con-
tact of the central row. In the porosity
range 0.35 to 0.45, this arrangement
probably gives a reasonable approxima-
tion to a randomly packed bed when
5 or 6 hemispheres are arranged around
the central row.

CALCULATIONS

(1) Torrvosiry. The tortuosity
is difficult to calculate precisely. Boy-
ack and Giddings (4) used an approxi-
mate method illustrated in Figure 3.1.
Molecules starting inside the area A,
which is the axial projection of the
particle profile on the end wall of the
box, first move axially to the surface
of the particle, then find the shortest
way around the particle to rejoin the
original axial line along which they
then proceed out of the box. Molecules
initially outside A go straight through
the box. The authors point out that
this approximation probably gives quite
a good measure of T since paths start-
ing inside A are assumed too long
while those starting outside A are
assumed too short. The treatment
leads to a linear relation between
tortuosity and occupancy (occupancy,

8 = 1 — porosity), and for models
24 and 2B gives
T=1+40.178 (14)

However both arrangements are unduly
ordered since there are straight paths
through the bed. In a randomly
packed bed all paths are more or less
tortuous and the factor 0.178 is almost
certainly too small.

For the more highly packed arrange-
ments the tortuosity may be considered
by reference to Figure 3B representing
close packed spheres through which
there are no straight paths. The
shortest and longest paths have tortuos-
ities of 1.19 and 1.33, respectively. The
occupancy of the arrangement is 0.74
and if a linear relationship between
tortuosity and occupaney is assumed
we obtain the two extreme equations

T=14+0260andT =1-+0450 (15)

It seems likely that the majority of
paths will be closer to the first than
the second and on equation

Figure 3. |lllustration of tortuosity for
different models of packed columns

T =1+ 0339 (16)

has been arbitrarily selected.

(2) ConstricTion. The constriction
factor for model 24 has been worked out
(4) and the dependence of ' on porosity
is shown along with other data in
Figure 4.

In model 2B the unoccupied cross-
sectional area a distance x from the
center of any sphere in the central
row is

A, = w(R2 — y®) = 7(R? — 12 + 2?)
(17)

and the mean area is
A = w(R* — 2r¥/3) (18)

Insertion of Equations 17 into 12 and
integration from 0 to r gives

o= V2 =1
=T 9 o 1
(= DtanVE—1

where p = R/r. The values of C, T2
and ¥ = CT~? for various values of
p are shown in Figure 5; values as a
funetion of porosity are shown in
Figure 4.

For model 2C with n hemispheres
around the central row the free cross-
sectional area a distance x from any
point of contact on the axis, and the
average area are, respectively,

n
A: = r[lp—é?‘g”f‘

é(ﬂ + 2)x? — 2r.t'] (20)

F= g [R“ ~ ‘% 4 2}:"-] @1

The integrated expressions for € are
cumbersome but of a similar form to
Fquation 19, and for porosities above
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Figure 4. Variation of constriction and obstructive factors
with porosity for different models of packed columns 2B.

0.36 there is little to choose between
the caleulated values for five and six
hemispheres around the central row.
Values of €, and CT2 are plotted
against ¢ in Figure 4; for ¢ = 0.38
it is predicted that v = 0.63. It is
interesting to note that for high poros-
ities all models give roughly the same
value of #, in spite of the fact that the
constriction factor is much more im-
portant for the more regular models
24 and 2B than for the more random
model 2C,

EXPERIMENTAL

In all experiments 0.002-ml. samples
of ethylene were eluted in nitrogen
from nonsorbing columns at 18° C. and
750 mm. of Hg pressure. The injector
was designed to be as free as possible
from unswept dead volumes so as to
ensure sharp injection. It consisted of
a */i-inch diameter steel rod with two
transversely drilled holes about /s inch
apart. The rod could move inside a
closely fitting Teflon sleeve which was
itself held in a tightly fitting steel tube.
The two holes in the rod were positioned
opposite holes in the sleeve so that
sample gas could be passed through one
hole while carrier gas passed through
the other. On activating a solenoid by
depressing the inject switch, the sample
hole was brought into the carrier gas
line and a sample injected.

The concentration profiles of the
peaks could be observed on a /-
second Brown recorder, which could be
run at a speed of 12 inches per minute.
Within the limits of the recorder the
peaks were always symmetrical. Peak
widths were obtained by dividing the
peak areas measured with an electronic
integrator, by the peak heights measured
with the recorder. Both instruments
were linear to better than 19;. The
standard deviation was calculated from
the formula o, = \/(2«) (area,/height).
The time of passage of the peak from
injector to detector was measured by a
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timer which started when the inject
switch was depressed and stopped at
peak maximum. Detection was by a
flame ionization detector of the Desty
design (6). Its output was fed to an
electrometer which had a time constant
of 0.01 second and current ranges from
1071 to 10~* ampere; within this range
the detector was linear.

The gas line connections are shown
in Figure 6. Particular care was taken
to eliminate any unswept dead volumes
in the direct line between the injection
and detector. In agreement with
Kieselbach (14) we found it essential

Injector

Column

Detail A Gauze Screens

Nylon

Hypodermic
Needle

Detail B

Figure 5. Variation of obstructive parameters for model
comparison with experimental data

to terminate the packed columns with
gauze screens not glass wool plugs to
avoid an undesirably large instrumental
spread and peak asymmetry. Details
of the more important connections are
shown in the insets to Figure 6. To
avoid residual adsorption by the sup-
ports, the firebrick (Molar Products,
Colchester, Fosalsil No. 6) and Celite
(Gas Chromatography Ltd.) were silan-
ized either with dichlorodimethylsilane
or hexamethyldisilazane.

A typical experiment was carried out
as follows. An ethylene sample was
injected into the column and eluted in

F.L.D.

Platinum

Brass

Hypodermic
|~ needle

§ Sinter

Figure 6. Gas line and details of important connections

R = two-stage reducing valve and pressure regulator, ¥ = needle valve, F = flow meter, M = manom-
eter, T = two-way tap, F.L.D. = flame ionization detector
A, B, and C refer to detailed connections shown in lower part of figure



the normal way without arresting the
gas flow. The time of passage along
the column, f,, was caleulated from the
total time elapsing between injection
and detection and from the volumes of
the column and the ancillary tubing.
The latter was always less than 39, of
the column volume. The outlet veloe-
ity, 1o, was obtained from u,, = U/t; by
applyving the James-Martin pressure
correction factor, knowing the pressure
drop across the column. For all results
reported here the pressure corrections
were less than 29,. The values of u,
and {, were checked by direct measure-
ment of the volume flow rates and the
gas phase volumes of the columns.

The volumes of the empty tubes were
determined by filling them with water or
mercury and weighing the liquid.
The total porosities, e, of the packed
columns were determined with a Toepler
pump using ethylene and nitrogen;
identical values of e with the two
gases were taken to indicate absence of
residual adsorption. The total porosi-
ties obtained for glass beads, firebrick,
and Celite were, respectively, 0.38, 0.80,
and 0.88. On treating the firebrick
with 20% w./w. of urea formaldehyde
resin polymerized in situ, the porosity
was reduced to 0.73. The high total
porosities of firebrick and Celite indicate
that the particles themselves are highly
porous since the interstitial porosity
(measured say with mercury) is about
0.4 for both supports. Miecroscopie
examination of thin sections of the
supports mounted in synthetic resin
confirmed this and showed that the
Celite possessed a very open structure.

The bulk densities of packed Celite and
firebrick are, respectively, 0.25 and
0.45. Hence the density of the solid
matter in the supports is about 2.2
which compares well with 2.6, the den-
sity of quartz, the main component of
diatomaceous earths. These results
agree with those of Bohemen and
Purnell (3).

To study static spreading in a par-
ticular column a band of ethylene was
eluted about half way along the column
at the linear flow rate used in the con-
tinuous elution experiment. The flow
was then switched to a dummy column
of equal resistance (Figure 6) by turning
the two way tap, T, placed upstream
of the injector. After a delay of 1 to 20
minutes the flow was reconnected to the
column and the peak eluted. From the
data so obtained a plot of ¢,* against ¢
could be drawn up and the real or
apparent diffusion coefficient derived.

The procedure was satisfactory pro-
vided that the pressure drop, Ap,
across the column during elution was
low. With large pressure drops the
gas velocity did not reach its stationary
value before the peak was eluted; thus
o was overestimated and an excessively
high value of the diffusion coeflicient was
obtained. The effect was demonstrated
directly by using nitrogen slightly
contaminated with an organic vapor as
the carrier gas. The recorder deflection
then measured the flow rate directly.
With Ap = 2 em. of Hg the deflection
reached at least 999, of its stationary
value before the peak was eluted, but
with larger pressures this was not so
and erroneous results were obtained.

RESULTS AND DISCUSSION

According to Equations 3 and 4,
plots of ¢, against ¢ should be straight
lines whose gradients give real or ap-
parent diffusion coefficients. A typiecal
plot is shown in Figure 7 for an empty
nylon tube. Equally reproducible data
were obtained with the other columns
studied and the values of D, and «
quoted in Table I are probably ac-
curate to about 29;

Three sets of experiments were car-
ried out with open tubes of two dif-
ferent diameters and at different flow
rates. They yielded a mean value of
D, 0.165 sq. em second™ for
ethylene in nitrogen with a spread of
0.002 sq. em. second~! This value
agrees well with the value of D, = 0.16
+ 0.01 sq. em. second ! obtained from
HETP measurements on unsorbed peaks
in open tubes (15), and with the value
of 0.163 sq. em. seecond-' quoted by
Reid and Sherwood (19).

Using glass beads 0.50 mm. in
diameter in two tubes of different
diameters the obstructive factor was
0.60 =+ 0.02. This value was con-
firmed using beads 0.275 mm. in
diameter and is in agreement with a
value of 0.7 £ 0.1 obtained from HETP
measurements on unsorbed peaks in
glass bead columns (15). With fire-
brick and Celite the wvalues were,
respectively, 0.46 == 0.01 and 0.74 =+
0.02. These values for typical ga

Table I.

Tube
Column Material Length, diam.,
No. or packing  em. mim.
1 Nylon 1640 0.88
2 Nylon 693 1.48
3 Nylon 834 0.88
4 Glass beads 152 5.7
5 Glass beads 152 3.0
G Glass beads 79 6.4
7 Firebrick 79 6.4
8z Firebrick 79 6.4
9b FB + UFR 79 6.4
102 Celite 72 5.6
114 Celite 74 5.7
12 BBe 74 4.16
13 PVCs 144 6.28
14 PVC/ 151 5.20
15 BB 106 6.28
16 PVC 148 6.75
17 PVC 152 5.90
18 PVC 144 6.28

Values of D, and v for Various Columns

Columns at 18° C. and 750 mm. of Hg Pressure

Particle _Tube diam.
diam., Mesh Particle Total Uay D, or 4Dy,
mm. ASTM diam., porosity cm./see.  s(. cm./sec. ¥
OPEN TUBES
28.8 0.164 Unity
13.4 0.164 Unity
26.2 0.166 Unity
PACKED TUBES
0.50 11.4 0.38 4.9 0.102 0.62
0.50 6.0 0.38 7.4 0.096 0.58
0.275 23.3 0.38 2.40 0.102 0.62
25-35 11¢ 0.80 3.63 0.077 0.47
35-45 15 0.80 2.87 0.075 0.46
25-35 11 0.73 3.65 0.073 0.45
35-45 13 0.88 3.46 0.125 0.76
80-100 35 0.88 1.80 0.119 0.72
MODEL 2B
3.97 1.047 0.392 4.20 0.078 0.48
5.90 1.065 0.413 5.82 0.088 0.54
4. .87 1.070 0.417 8.50 0.088 0.54
5.55 1.132 0.479 4.90 0.110 0.67
5.90 1.145 0.491 4.41 0.113 0.69
4,87 1.210 0.537 7.80 0.126 0.77
4 .87 1.290 0.598 4.25 0.134 0.82

o Firebrick silanized with dichlorodimethylsilane.
b Firebrick coated with 209 (w./w.) of urea—formaldehyde resin polymerized in situ.
¢ Celite silanized with dichlorodimethylsilane.

4 Celite silanized with hexamethyldisilazane.

* BB are steel ball bearings.

/ PVC are polyvinylchloride spheres of 29, diameter range.

¢ Tube diameter/mesh opening.
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Figure 7. Change of variance with
residence time

chromatographie packings show that
v is well below unity and is not the
same for all supports. These results
agree with previous experimental values
determined by continuous elution ex-
periments (1, 3, 12-18).

The value of ~ for glass beads is
plotted in TFigure 4 and agrees ex-
cellently with that predicted from
model 2C. This agreement is, however,
largely fortuitous because the cal-
culated value rests heavily on the
value assumed for the tortuosity. It
nevertheless appears necessary to con-
sider both tortuosity and constriction
to explain a value as low as 0.60.
More convineing evidence of the reality
of the constriction effect comes from
the experiments carried out with model
2B. The wvalues of + obtained for
columns containing a single row of
spheres in a round tube are listed in
Table I and plotted in Figure 5. The
agreement between the experimental
and the caleulated values is most
satisfactory. Since the tortuosity varies
only slightly with p, it is clear that with
this model the major reason for the
change in obstructive factor is the
variation in the constriction.

The values of 4 for firebrick columns
are lower than those for the glass bead
columns although the porosity of fire-
brick is much higher. It is clear that
none of the models considered predict
such low values in the porosity range
near 0.8.

The situation with porous supports
might resemble that in a sorbing column,
for which the rate of spreading would be

do2/dt = 24D, /(1 + k)u,? (24)
where u, is the band velocity, u, =
f/lA.e(l + k)], and &k = column
capacity ratio. 1f the molecules of the
gas within the particles are effectively
immobile and exchange only slowly
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with those in the interstitial gas space—
i.e., D, within the particles is much
lower than D, in free gas—the rate of
spreading would be given by Equation
24 with & equal to the ratio of gas
within the particles to gas in the in-
terstitial space, that is k& = 1 for fire-
brick or Celite. The apparent ob-
structive factor, as measured by the
arrested elution method, would then
be v = ~/(1 4+ k), and might be
expected to be about 0.3. This is
lower than the value of 0.45 obtained
for firebrick and much lower than 0.74
obtained for Celite. Hence the hy-
pothesis that D, within the particles is
very low must be unsound. There is
indeed no reason to believe that the
diffusion coefficient within porous par-
ticles differs from that outside, since
diffusion, unlike flow, is not restricted
by the narrowness of the channels
within which it oceurs (2).

It is therefore necessary to consider
the construction and tortuosity of
the average diffusional paths within
and without the particles. The parts
of the paths through the interstitial
gas are tortuous, and if the particles
were nonporous, " would be about 1.20.
Superimposed upon this tortuosity is
the tortuosity of the paths through
the particles themselves which will
wind much more sharply than those
through the interstitial gas (Figure 8).
Thus the overall tortuosity might be
increased above that expected for
solid particles, and given hy

T="Tl(-1)+ Tl (25)

where T, = tortuosity of smooth paths
through the bed, T = tortuosity of
the paths within the particles, I =
length of that part of a smooth path
which passes through the particles
(broken line) and | = total length of a
smooth path (broken line 4 full line
in interstitial gas).

Since the interstitial porosity is
about 0.4 and the total porosity about
0.8, the porosity of the particles them-
selves is about %/5. Thus T; = 1.11
(Equation 16). If we assume that 609
of the total length of a diffusion path
is through the particles and 409
outside then T = 1.20 X 1.07 = 1.28.
If the constriction is unaltered, v =
0.55. Thus the net effect of the par-
ticles being porous is to reduce y by
about 15%;. This is not quite suf-
ficient to account for the difference
between the obstructive factor in glass
beads and firebrick but it is of the
correct order.

Celite on the other hand gives vy =
0.74 and here it seems that the smooth
diffusion paths through the bed must
be almost straight and that the main
source of obstruction arises in the
porous particles themselves. This is
in accord with the extremely high
porosity of Celite, the occupanecy
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Figure 8. lllustration of interstitial and
intraparticle tortuosity

being only 0.12 compared to 0.20 for
firebrick.
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